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CHAPTER 
  1
INTRODUCTION 
 
 
Chapter partially redrafted after:  
 Ho, A., Kerckhof, F.-M., Lüke C., Reim, A., Krause, S., Boon, N. Bodelier, P.L.E. 
(2013) Conceptualizing functional traits and ecological characteristics of methane-
oxidizing bacteria as life strategies. Environmental Microbiology Reports, 5(3), 335-
345. 
1. Global methane cycling: sources and sinks 
This thesis will discuss the involvement of microorganisms in the biological aerobic oxidation 
of methane (CH4). Methane is the simplest of all alkanes consisting of a central carbon (C) 
atom surrounded by four hydrogen (H) atoms. Aerobic oxidation of gaseous CH4 with 2 mole 
oxygen (O2) per mole CH4 to one mole of carbon dioxide (CO2) and 2 moles of water (H2O) 
yields 842.3 kJ mol
-1
 K (ΔGr
0
) .  
1.1. Methane as a greenhouse gas (GHG) 
Without the greenhouse effect, life on earth (as we know it) would probably not be possible, 
as half of the solar energy reaching earth would reflect of the surface and be lost to space. 
Greenhouse gasses in the troposphere cover the earth with a “heat blanket” (Kandel and 
Viollier 2005) resulting from their absorption of reflected heat and re-radiation to the lower 
troposphere which finally contributes to an increase in earth surface temperatures (Casper 
2010). After water vapour and CO2, methane (CH4) is the third most important greenhouse 
gas, and the majority (ca. 60%) of its emission originated from anthropogenic sources 
(Kirschke, Bousquet et al. 2013). Atmospheric CH4 concentrations increased by 150% since 
the pre-industrial era (722 ppb in 1750 to 1803 ppb in 2011). Although atmospheric CH4 
concentrations stabilized in the late 1990s, CH4 concentrations have been increasing again 
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since 2007 (Nisbet, Dlugokencky et al. 2014). Recently, the Intergovernmental Panel on 
Climate Change (IPCC) increased the global warming potential of methane from 25 to 34, 
using a time horizon of 100 years with inclusion of climate-carbon feedback (Myhre, Shindell 
et al. 2013). Hence, since CH4 is a more potent greenhouse gas than CO2, removal of CH4 to 
CO2 by methane oxidizing bacteria can be considered as a net greenhouse gas sink. A 
reduction of CH4 emissions with only 6% (22 Mton CH4 yr
-1
, 2004 estimate) would suffice to 
balance the global CH4 budget (Jardine, Boardman et al. 2004). Given the importance of CH4 
as the third most important greenhouse gas, accounting for about 20 % of global warming 
(Yusuf, Noor et al. 2012), the great anthropogenic contribution to its emissions and the 
relatively small emission reduction required to balance the atmospheric budget, an in-depth 
understanding of biological methane removal is of great merit.  
1.2. Methane sources 
The main biological source of CH4 lies within the anaerobic degradation of organic matter 
through a process called methanogenesis, which requires an intricate network of cross-feeding 
(syntrophic) organisms to supply methanogenic Archaea with H2 and CO2 or acetate in 
absence of O2 (Angenent, Karim et al. 2004; Cabezas, de Araujo et al. 2015) enabling the 
production of biogas with a typical composition of 40-70% (v/v) of CH4, 30-60% (v/v) CO2 
and 1-5% (v/v) other gasses (e.g. NH3, H2S and H2, Demirel, Scherer et al. (2010)). These 
methanogenic Archaea are the most important methane source and account for approximately 
70% of the total emission budget of more than 600 Tg per year (Dalsøren, Myhre et al. 2016). 
Most of these biogenic CH4 emissions (63% of 347 Tg CH4 yr
-1
) originate from wetlands 
(Figure 1-1) which account for the main inter-annual variability of emissions. However, 
process-based models still fail to accurately describe wetland emissions. Apart from biogenic 
sources, also thermogenic sources (from the slow transformation of organic matter into fossil 
fuels) and pyrogenic sources (from biomass and biofuel burning) contribute to the global CH4 
budget (Neef, van Weele et al. 2010). The fossil component of emissions could be higher than 
previously estimated and amount up to 30% of total emissions due to natural geological leaks 
but also due to leaks in the fossil fuel industry (for instance the recent southern California gas 
leak in Aliso Canyon, emitting 0.1Tg CH4 from October 2015 to February 2016). Overall, a 
better understanding of anthropogenic emission sources (such as livestock and oil and gas 
sectors) is required (Ciais, Sabine et al. 2014; Turner, Jacob et al. 2016). Another important 
climate-carbon feedback may reside in thawing of permafrost and CH4 - hydrates however the 
Introduction to the methanotrophic interactome 
 5 
C
H
A
P
T
E
R
 1
 
extent of possible emissions is still largely unknown, and in the current decade they represent 
only very small emissions (2-9 Tg CH4 yr
-1
). The amount of natural emissions other than 
wetlands is still very uncertain. For instance emissions by ebullition from shallow lakes could 
be significantly higher than estimated (Aben 2016) and although CH4 emissions under aerobic 
conditions by plants were considered unlikely (Ciais, Sabine et al. 2014) some recent studies 
showed that emissions from the trunks of living trees (rather than the canopy and soil) may be 
a widespread and not previously considered source of atmospheric CH4 emission (Pangala, 
Moore et al. 2013; Pangala, Hornibrook et al. 2015; Wang, Gu et al. 2016). Sporadic 
geological events such as the Mount Pinatubo volcanic eruption in 1991 (Banda, Krol et al. 
2013) may offset the atmospheric CH4 balances (not necessarily through direct emission of 
CH4 though rather by a decrease in available atmospheric OH due to backscattering by 
volcanic stratospheric aerosols which reduce UV radiation in the troposphere; Dalsøren, 
Myhre et al. (2016)) and need to be corrected for in bottom-up emission models (Schaefer, 
Fletcher et al. 2016). 
 
 
Figure 1-1. Distribution of CH4 emission over different sources (Ciais, Sabine et al. 2014). Average 
of bottom-up estimates for each source for the decade 2000-2009. Wetlands refer to natural wetland 
(wet soil, swamps, bogs & peatlands) emissions, agriculture and waste encompass rice cultivation, 
ruminant livestock and waste (e.g. landfills). Fossil fuel related emissions can be attributed to 
emissions caused by leakages from extraction and use or pyrogenic sources such as incomplete 
burning. Other fluxes encompass (among others) geological sources (marine & terrestrial seepages, 
geothermal vents and mud volcanoes) , termite- and freshwater emissions. 
Wetlands 
33% 
Agriculture 
and waste 
29% 
Fossil fuel 
related 
14% 
Other fluxes 
19% 
Biomass and 
biofuel burning 
5% 
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1.3. Methane sinks and reservoirs 
Atmospheric CH4 is mainly removed by tropospheric and stratospheric oxidation with OH 
radicals, leading to an atmospheric lifetime of 9.1±0.9 years (Prather, Holmes et al. 2012). 
Some other small sinks are still debated (e.g. reactions with chlorine in marine boundary layer 
and stratospheric reaction with Cl and O(
1
D)). Finally, microbial atmospheric methane 
oxidation in aerobic upland soils is estimated to account for about 7.5 % (9-47 Tg CH4 yr
-1
) of 
total annual methane removal, thus making it the most important biotic methane sink (Figure 
1-2; Ciais, Sabine et al. (2014)). Moreover, MOB can attenuate CH4 emissions in diverse 
environments which are considered net sources of CH4 (Conrad 2009; Knief 2015). Both 
(intra-)aerobic and anaerobic modes of methane oxidation by bacteria and archaeal-bacterial 
associations have been observed, though aerobic methanotrophic bacteria are considered the 
main microbial methane sink (Ho, Kerckhof et al. 2013; Hoefman, van der Ha et al. 2014). 
However, in terms of rates it important to consider that anaerobic oxidation of methane 
(AOM, section 2.2.2 of this chapter) at the sulfate/methane transition zone is attenuating the 
greatest amount of CH4 emissions (up to 80-90% of the CH4 from marine systems is 
attenuated this way, Hinrichs and Boetius (2002)) while strictly speaking this is not a post-
emission sink such as the upland soils it is a very important mechanism attenuating global 
CH4 emissions (Knittel and Boetius 2009). 
Aside from sources (section 1.2) and sinks of CH4, natural reservoirs for CH4 exist (Figure 
1-2). Methane hydrates in sediments at the ocean floor and in permafrost account for 2*10
6
 to 
8*10
6
 Tg CH4 and approximately 530*10
3
 Tg CH4 respectively (Ciais, Sabine et al. 2014). As 
a result of the rising temperature since pre-industrial times CH4 from permafrost hydrates may 
be released to the atmosphere (Schuur, Abbott et al. 2013), however there is only limited 
confidence on the magnitude of these emissions (Ciais, Sabine et al. 2014). 
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Figure 1-2. Schematic of the global methane cycle (Ciais, Sabine et al. 2014). Numbers represent 
annual fluxes in Tg CH4 yr
-1
(2000-2009) and reservoirs (the atmosphere and three geological 
reservoirs) in Tg CH4. Black arrows denote non- (directly) anthropogenic fluxes (since 1750) while 
red arrows denote anthropogenic fluxes. While light brown denotes a combined natural and 
anthropogenic flux. The atmospheric reservoir concentration (in 2011) consists of the sum of 
anthropogenic (red, between 1750 and 2011) and pre-industrial inventory (in black). 
2. Methanotrophic bacteria 
Given their importance as methane sink (section 1.3), one strategy for methane mitigation, as 
well as recovery of the energy and carbon from CH4, could rely on the use of methanotrophic 
bacteria (methanotrophs, MOB). MOB are a subset of the physiological group of 
methylotrophic bacteria known to use reduced carbon substrates with no carbon bonds (C1 
compounds) for anabolism and catabolism (Lidstrom 2006; Chistoserdova, Kalyuzhnaya et 
al. 2009). Within this group they are characterized by their unique ability to use CH4 as a sole 
carbon and energy source (Hanson and Hanson 1996; Bowman 2006).  
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2.1. Phylogeny, taxonomy and classification 
The majority of the cultured aerobic MOB can be classified within the clades of Alpha- and 
Gammaproteobacteria (Semrau, DiSpirito et al. 2010; Knief 2015). These lineages can be 
differentiated based on their physiology, which may reflect their adopted life strategies (Ho, 
Kerckhof et al. 2013). However, a large proportion of environmental MOB sequences has no 
cultured representatives (Knief 2015) and recent isolates have expanded the taxonomy of 
MOB to include the candidatus NC10 phylum (Ettwig, van Alen et al. 2009) with the intra-
aerobic nitrite-dependent anaerobic methane oxidizer candidatus Methylomirabilis oxyfera 
(Wu, Ettwig et al. 2011) as well as the phylum Verrucomicrobia (Dedysh 2009) with 
representatives Methylacidimicrobium (van Teeseling, Pol et al. 2014) and Methylacidiphilum 
(Hou, Makarova et al. 2008; Anvar, Frank et al. 2014). Additionally a new family was 
proposed within the Methylococcales, the Methylothermaceae (Hirayama, Abe et al. 2014). 
Although a surprisingly high number of environmental pmoA sequences could be linked with 
closely affiliated cultured representatives, still a large fraction of the MOB diversity is not yet 
isolated (Knief 2015). Hence, the taxonomy of aerobic MOB as outlined in Figure 1-3 will 
likely still expand upon increased isolation efforts.  
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Figure 1-3. Taxonomy of isolated and cultivated aerobic MOB. Updated from Dedysh (2009) with 
more recent isolates (Geymonat, Ferrando et al. 2011; Iguchi, Yurimoto et al. 2011; Hirayama, Fuse 
et al. 2013; Deutzmann, Hoppert et al. 2014; Hirayama, Abe et al. 2014; Hoefman, van der Ha et al. 
2014; van Teeseling, Pol et al. 2014; Knief 2015; Tavormina, Hatzenpichler et al. 2015). Figure on 
previous page. 
Traditionally, a classification of proteobacterial methanotrophs based on several 
physiological, (chemo)taxonomic (i.e. major cellular fatty acids) and morphological 
characteristics (e.g. arrangement of intracyctoplasmatic membranes) into type I, type II and 
type X MOB was believed to adequately describe the proteobacterial MOB diversity (Hanson 
and Hanson 1996). The major distinction was the main carbon assimilation mechanism 
(section 2.2), being the ribulose monophosphate (RuMP) pathway for type I and serine cycle 
for type II MOB. Type X MOB were distinguished from type I MOB based upon higher 
optimum growth temperatures, presence of low levels of serine cycle enzymes (while mainly 
relying on the RuMP pathway of formaldehyde assimilation, Nazaries, Murrell et al. (2013)) 
presence of ribulose-1,5-bisphosphate carboxylase and differing nitrogen fixation capability 
(Hanson and Hanson 1996; Bowman 2006). Type I and type X MOB are also sometimes 
referred to as type Ia and type Ib MOB (Bodrossy, Stralis-Pavese et al. 2006; Lüke and 
Frenzel 2011). However, based upon the characterization of new isolates belonging to several 
new genera and species the distinction between the type I(a/b) and type II MOB has become 
increasingly less clear, except for the difference in major carbon assimilation pathway (Knief 
2015). Hence, type I and type II MOB should be considered synonyms for MOB in 
taxonomically classified to Gamma- and Alphaproteobacteria respectively. An operational 
classification into subgroups of type I (a,b,c) and type II (a, b) MOB was proposed by Knief 
(2015) with verrucomicrobial MOB refered to as type III. This classification was consistent 
with 16S rRNA gene phylogeny (Knief (2015) and Figure 1-4). 
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Figure 1-4. Phylogenetic tree of the 16S rRNA gene of methanotrophic type strains and some 
isolates used in this and earlier work (Hoefman, van der Ha et al. 2014). RAxML version 8.2.6 
(Stamatakis 2014) was used to perform maximum likelihood tree building under the generalized time 
reversible model (GTR) with the Gamma model of rate heterogeneity (GAMMA). The best tree of 1000 
bootstrap iterations is displayed (final ML optimization likelihood -13913.80). Using mothur 1.35.1 
(Schloss, Westcott et al. 2009), a NAST alignment of full-length 16S rRNA gene sequences (obtained 
with Straininfo.net’s SeqRank workflow) with the mothur-recreated SILVA seed alignment (release 
123) was trimmed to the same alignment space resulting in 695 distinct alignment positions. The 
parsimony random number seed was set to 12345 and the random seed for rapid bootstrapping was 
123. Colored ranges correspond to MOB types according to Knief (2015). Tree visualisation was 
performed using iTOL version 3 (Letunic and Bork 2011). Scale=0.1 mean number of substitutions 
per site.  
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2.2. Physiology 
2.2.1. Aerobic methylotrophs and methanotrophs 
All methylotrophs (including the methanotrophs) share a common general scheme for 
assimilation of C1 substrates (Figure 1-5): (1) oxidation of a primary methylated substrate to 
formaldehyde (CH2O) or methylene-tetrahydrofolate (CH2=H4F), (2) oxidation of the 
resulting formaldehyde (or methylene-H4F) to CO2 and (3) assimilation of a C1 unit through 
either: formaldehyde with the ribulose monophosphate (RuMP) pathway, CO2 through the 
Calvin-Benson-Bassham (CBB) cycle or methylene-H4F and CO2 using the serine cycle. 
 
Figure 1-5. Major substrates and intermediates in methylotrophic metabolism (Chistoserdova 
2011). Primary oxidation (or demethylation/dehalogenation) modules are shown in red, formaldehyde 
(methyl-H4F) handling modules in blue, formate dehydrogenase in yellow and assimilation modules in 
green. For more details on the abbreviations we refer the reader to (Chistoserdova 2011). 
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Methane oxidation to methanol 
Unique to the MOB physiology are methane mono-oxygenases (MMO) which enable the 
MOB to perform the difficult and rate-limiting step of activation and oxidation of CH4 to 
methanol (CH3OH). These remarkable enzymes can dissociate the high-strength C-H bonds 
of CH4 (dissociation energy of 439 kJ mol
-1
,
 
Blanksby and Ellison (2003)) at ambient 
temperature and pressure with high selectivity (100% conversion to CH3OH). In contrast, 
physicochemical methods of converting methane to syngas or reagents for CH3OH production 
(e.g. partial oxidation, dry- and steam reforming of CH4) require very high energy input and 
occur at temperatures in the range of 700-900°C and pressures up to 100 bars and are often 
producing a number of by-products (Wilhelm, Simbeck et al. 2001; Dalton 2005; Hermans, 
Spier et al. 2009; Usman, Daud et al. 2015).  
 
Figure 1-6. Simplified scheme of CH4 oxidation by MOB (Fei, Guarnieri et al. 2014). (p/s)MMO: 
(particulate/soluble) methane mono-oxygenase, MDH: methanol dehydrogenase. PQQ: 
pyrroloquinoline quinone, H4MPTP: methylene tetrahydromethanopterine pathway (Figure 1-5), 
FDH: formate dehydrogenase. 
The primary oxidation of CH4 can be performed because the MMO enzyme can split the O-O 
bond in O2 and form two reducing equivalents (Yoon, Carey et al. 2009; Jiang, Chen et al. 
2010), of which one is transferred to CH4 to form CH3OH while another is reduced to H2O 
(Tinberg and Lippard 2011). The resulting CH3OH is then oxidized (by a periplasmic 
methanol dehydrogenase) to formaldehyde (HCHO), a key molecule for both anabolism and 
catabolism in methylotrophs (Figure 1-6). Two distinctively different types of MMO are 
known, both catalyzing the same reaction. The most common type of MMO is the cell 
membrane-bound particulate MMO (pMMO) which is found in virtually all MOB except for 
the alphaproteobacterial MOB Methylocella and Methyloferulla (Semrau, DiSpirito et al. 
2010; Vorobev, Baani et al. 2011). The genes encoding for pMMO are organized in the 
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pmoCAB operon which encodes the polypeptides for the α, β and γ subunits of the trimeric 
α3β3γ3 structure of pMMO in the genes the pmoA, pmoB and pmoC genes (Semrau, 
Chistoserdov et al. 1995; Culpepper and Rosenzweig 2012). Given the presence of pMMO in 
most MOB, pmoA is a common molecular marker for environmental detection (through 
(q)PCR and sequencing) of MOB, exhibiting high phylogenetic congruence with the 16S 
rRNA gene commonly used for taxonomic classification (Kolb, Knief et al. 2003; Dumont 
2014; Knief 2015). A specialized copper uptake system mediated by methanobactin (Kim, 
Graham et al. 2004; DiSpirito, Semrau et al. 2016) has been associated with pMMO 
expression while without pMMO expression MopE/CorA “house-keeping” Cu uptake 
systems take over (Semrau, DiSpirito et al. 2010). Additionally, flavin secretion by alpha- and 
gammaproteobacterial MOB has been proposed as a distinct Cu and Fe siderophore 
mechanism (Balasubramanian, Levinson et al. 2010). The other type of MMO, the 
cytoplasmic soluble MMO (sMMO) is less widely expressed among the MOB and occurs in 
the genera Methylosinus and Methylocystis and a few strains of Methylomonas, 
Methylomicrobium and Methylococcus (Lidstrom 2006). The genes for sMMO are organized 
in the mmoXYBZDC operon (Stainthorpe, Lees et al. 1990). The mmoX gene is used as an 
additional genetic marker for MOB (Knief 2015) to incorporate the MOB of the 
Beijerinckiaceae family in the detection (Figure 1-3). The main trigger determining the 
predominant MMO in MOB which can express both sMMO and pMMO is the copper-to-
biomass ratio (a phenomenon known as the “copper switch”, Hakemian and Rosenzweig 
(2007)): the pMMO has a copper active site (Culpepper and Rosenzweig 2012) and is only 
expressed at high (>0.85-1 µmol gdw
-1
) Cu/biomass ratios (Balasubramanian and Rosenzweig 
2008) whereas the sMMO contains a non-heme di-iron active site which is inhibited at high 
Cu/biomass ratios (Hakemian and Rosenzweig 2007). Hence, the copper-to-biomass ratio 
influences methanotrophic activity and community structure (Semrau, DiSpirito et al. 2010; 
van der Ha, Hoefman et al. 2010) which in turn may influence selection of specific non-MOB 
partners (van der Ha, Vanwonterghem et al. 2013). MOB expressing pMMO have a higher 
biomass yield and affinity for both CH4 (Km = 1-.2 µM) and O2 (Km = 0.1 µM) as opposed to 
MOB which rely on sMMO (Trotsenko and Murrell 2008). The reduced biomass yield of 
sMMO-relying MOB is a direct consequence of the lower redox potential of NAD(P)H used 
by sMMO to oxidize methane as compared to the reduced cytochrome C employed by 
pMMO (Dalton 2005). Although pMMO is the predominant CH4 oxidation enzyme in nature 
(Fei, Guarnieri et al. 2014), sMMO has the distinct advantage of having a higher robustness 
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against inhibitors making its expression advantageous in polluted environments (Yu, Ramsay 
et al. 2009). The greater substrate promiscuity of the sMMO enzyme makes its expression an 
interesting strategy for biotechnological application of MOB in pollutant degradation and 
bioremediation (Benner, De Smet et al. 2015; Strong, Xie et al. 2015) .  
From methanol to formaldehyde 
After the initial oxidation of methane to methanol (CH3OH, Figure 1-6), several mechanisms 
are available to the methylotrophic organisms to further metabolize methanol to formaldehyde 
(HCHO) such as the conventional methanol dehydrogenase (MDH) encoded by MxaFI, the 
and the less well studied alternatives Mdh2 (Kalyuzhnaya, Hristova et al. 2008) and the 
MxaF-homolog XoxF-type MDH. MDH are generally pyrroloquinoline quinone dependent 
(PQQ) dehydrogenases (Chistoserdova 2011). While MxaFI-type MDHs have Ca
2+
 at their 
active center, XoxF-type MDHs rely on rare earth elements (REE) from the lanthanide series 
(Keltjens, Pol et al. 2014), which may be responsible for the discrepancy between xoxF 
expression under laboratory conditions as opposed to natural systems (Wu, Wessels et al. 
2015). The conventional MDH also require a cytochrome c electron acceptor encoded by 
mxaG (in the same gene cluster as mxaFI, Vuilleumier, Chistoserdova et al. (2009)). Among 
the methanotrophs, alpha- and gammaproteobacterial MOB (as well as NC10 MOB) were 
considered to rely on the conventional MDH, while verrucomicrobial MOB relied on XoxF 
(Chistoserdova 2011). However, XoxF-type MDH are encoded by many MOB (including 
NC10, Wu, Wessels et al. (2015)) and were recently shown to be the main MDH in the 
gammaproteobacterial MOB Methylomicrobium buryatense (Chu and Lidstrom 2016). XoxF-
type MDH are believed to have a greater catalytic efficiency than MxaF-type MDH. In the 
environment lanthanides are typically available in sufficient amounts to favor the XoxF-type 
over the MxaF-type MDHs (in a regulatory process coined the “lanthanide MDH switch”), 
even in the presence of excess calcium (Keltjens, Pol et al. 2014; Chu and Lidstrom 2016). A 
link with the copper-dependent switching between pMMO and sMMO was suggested for an 
alphaproteobacterial MOB (M. trichosporium OB3b), where MxaF-type MDH dominance 
was found to be linked with pMMO expression while XoxF-type MDH could only become 
the dominant MDH under conditions favoring sMMO expression (Ul Haque, Kalidass et al. 
2015), however this does not appear to be the case for the gammaproteobacterial MOB (Chu 
and Lidstrom 2016). Overall, XoxF-type MDHs exhibit superior methanol dehydrogenase 
activity (due to the REE in their active centers, Keltjens, Pol et al. (2014)) and addition of 
lanthanides to growth media may affect methanotrophic community composition, which has 
not been studied thus far. Besides CH4, proteobacterial MOB were reported to be able to use 
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CH3OH as a sole carbon and energy source (Hanson and Hanson 1996), however large 
differences in CH3OH sensitivity (due to formaldehyde) were observed among strains 
(Bowman 2006).  
Carbon assimilation 
From the level of formaldehyde, three strategies of carbon assimilation are available to the 
MOB (Figure 1-5), which appear to be associated with their phylogenetic background 
(Chistoserdova 2011). Additionally, formaldehyde can also be oxidized catabolically through 
formate (HCOOH via a tetrahydromethanopterin-pathway, Figure 1-6) and then to CO2 (via 
formate dehydrogenase), in order to generate reducing equivalents for CH4 metabolism 
(Anthony 1991; Hanson and Hanson 1996). Gammaproteobacterial MOB assimilate carbon 
directly from formaldehyde into biomass via the ribulose monophosphate pathway (RuMP, 
Figure 1-7), where a C3 intermediate is formed out of 3 mol HCHO (Trotsenko and Murrell 
2008): In the RuMP pathway formaldehyde is added onto ribulose monophosphate (a C5 
sugar) to generate glucose-6-phosophate. The C6 sugars are then transformed to 
glyceraldehyde-3-phosphate (C3) molecule which can be used for assimilation, oxidized for 
NAD(P)H generation or regenerated into RuMP (Figure 1-7). Hexulose-6-phosphate synthase 
(H6PS) and hexulose-6-phosphate isomerase (H6PI) are believed to be unique to the RuMP 
pathway (Chistoserdova 2011; Fei, Guarnieri et al. 2014) while other enzymes of the 
glycolysis, pentose-phosphate cycle and Entner-Doudoroff pathways are used to complete the 
RuMP pathway. Gammaproteobacterial MOB that use the RuMP pathway do not have a 
functional TCA cycle (Jiang, Chen et al. 2010). Alphaproteobacterial MOB employ the serine 
cycle of for carbon assimilation and have functioning TCA cycles (Matsen, Yang et al. 2013). 
In the serine cycle, methylene-H4F and CO2 are assimilated into biomass through a series of 
reactions with amino acids and organic acids resulting in C3 and C4 building blocks and 
glyoxylate that serves as acceptor for methylene-H4F. The net result is the assimilation of 2 
moles of HCHO and 1 mole of CO2 into 1 mole of 2-phosphoglycerate (Anthony 1982; 
Chistoserdova 2011). Key enzymes that are involved with the serine cycle operation are 
hydroxypyruvate reductase (HPR) and serine glyoxylate aminotransferase. 
Gammaproteobacterial genomes may also harbor serine cycle genes though most of them are 
scattered over the genome and a key gene encoding phosphoenolpyruvate carboxylase (PPC) 
is missing (Ward, Larsen et al. 2004; Chistoserdova 2011). MOB from the phyla 
Verrucomicrobia (Khadem, Pol et al. 2011) and NC10 (Rasigraf, Kool et al. 2014) use the 
Calvin-Benson-Bassham (CBB) pathway to assimilate CH4 – derived carbon at the level of 
CO2 and are therefore autotrophic MOB.  
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Figure 1-7. Simplified molecular pathways for the RuMP and serine cycles in MOB (Fei, Guarnieri 
et al. 2014).Major enzymes have a green font color. Dashed arrows represent possible exit points of 
metabolites for biosynthetic reactions. For clarification of abbreviations we refer the reader to the 
main text and the original publication. 
As opposed to the serine cycle, higher growth yields can be achieved by MOB employing the 
RuMP pathway: the formation of C3 building blocks for biomass synthesis requires only 1 
mole ATP per mole of C3 intermediate, whereas the serine pathway consumes 3 mole ATP 
per C3 intermediate (Figure 1-7, Equation 1-1). However, the overall stoichiometry of oxygen 
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and nitrogen demands are not strongly different among both pathways (Equation 1-2). MOB 
are able to partially regulate the distribution of HCHO among anabolism and catabolism, 
which in turn influences O2 consumption: while the complete oxidation of CH4 to CO2 
requires 2 mol O2 per mol of CH4 oxidized, assimilation into biomass via formaldehyde only 
requires 1 mol of O2 (Scheutz, Kjeldsen et al. 2009). 
Equation 1-1. Global balances of serine and RuMP formaldehyde assimilation (Hanson and 
Hanson 1996) 
𝑆𝑒𝑟𝑖𝑛𝑒: 2𝐻𝐶𝐻𝑂 + 𝐶𝑂2 + 3𝐴𝑇𝑃 + 2 𝑁𝐴𝐷𝐻 → 2 − 𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑔𝑙𝑦𝑐𝑒𝑟𝑎𝑡𝑒 + 2𝐴𝐷𝑃 + 𝑃𝑖 + 𝑁𝐴𝐷
+
𝑅𝑢𝑀𝑃: 3𝐻𝐶𝐻𝑂 + 𝐴𝑇𝑃 → 𝑔𝑙𝑦𝑐𝑒𝑟𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 − 3 − 𝑝ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒 + 𝐴𝐷𝑃
 
Equation 1-2. Overall stoichiometry from CH4 to biomass(C4H8O2N) with respect to O2 and NH4
+
 
for the serine and RuMP cycles (Trotsenko and Murrell 2008; Jiang, Chen et al. 2010) 
𝑆𝑒𝑟𝑖𝑛𝑒: 𝐶𝐻4 + 1.50 𝑂2 + 0.12 𝑁𝐻4
+ → 0.12(𝐶4𝐻8𝑂2𝑁) + 0.53 𝐶𝑂2 + 1.71 𝐻2𝑂 + 0.12𝐻
+
𝑅𝑢𝑀𝑃: 𝐶𝐻4 + 1.57 𝑂2 + 0.10 𝑁𝐻4
+ → 0.10(𝐶4𝐻8𝑂2𝑁) + 0.59 𝐶𝑂2 + 1.74 𝐻2𝑂 + 0.10𝐻
+  
2.2.2. Anaerobic methane oxidation 
In the absence of oxygen methane oxidation can still proceed by means of alternative electron 
acceptors (Joye 2012). This has been demonstrated for marine environments where the 
quantitatively most important sink is the coupling of CH4 oxidation to the reduction of 
sulphate (AOM) (Orphan, House et al. 2001; Knittel and Boetius 2009) in a dual species 
microbial consortium of syntrophic anaerobic methane oxidizing Archaea (ANME) and 
bacterial sulphate reducing partners of the Desulfosarcina/Desulfococcus clade or from the 
HotSeep-1 group. Currently three major clades of ANME Archaea are distinguished: ANME-
1, ANME-2 and ANME-3 (Garrett and Klenk 2008). While initially this association was 
thought to be syntrophic, exchanging reducing equivalents through chemicals like H2 or 
formate, recent evidence showed that possibly a mechanism of direct interspecies electron 
transfer (DIET) may occur (McGlynn, Chadwick et al. 2015). This finding was confirmed by 
the fact that AOM partners could be decoupled in the laboratory by the addition of the 
artificial electron acceptor 9,10-anthraquinone-2,6-disulfonate (AQDS) (Scheller, Yu et al. 
2016) and humic analogs as well as soluble ferric iron (Fe
3+
) complexes were found to 
stimulate AOM without sulphate. These findings could be extrapolated to a mechanism of 
extracellular electron transfer to insoluble iron oxides through cytochrome c proteins and pili 
(Rotaru and Thamdrup 2016). Apart from sulphate, AOM with nitrate (Haroon, Hu et al. 
2013) and metal oxides (Beal, House et al. 2009) as terminal electron acceptors has been 
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reported. The AOM bacterial-archaeal communities are of great importance in global CH4 
cycling as they are believed to attenuate about 90% of oceanic CH4 before it reaches the 
surface (Knittel and Boetius 2009). 
2.2.3. Facultative and high-affinity MOB 
While many MOB have multiple copies of the pmo operon, they are not always exact copies 
of one another. For instance in Methylocystis sp. SC2 a copy of pmoA with only 73% identity 
to pmoA of Methylocystaceae was found (pmoA2, part of the pmoCAB2 operon) which was 
found to be part of a pMMO able to oxidize CH4 at lower concentrations (1-100 ppmv) 
compared to the conventional pMMO (>600 ppmv) (Dunfield, Yimga et al. 2002; Baani and 
Liesack 2008) and may be essential to CH4 oxidation under atmospheric concentrations 
(Kravchenko, Kizilova et al. 2010). Apart from pmoA2, another homolog of pmoA has been 
detected among many gammaproteobacterial MOB, named pxmA (Tavormina, Orphan et al. 
2011), however the function of its gene product remains largely unknown although it was 
overexpressed during hypoxia in a denitrifying methanotroph (Kits, Klotz et al. 2015). 
Although upland soils are net sinks of CH4 due to aerobic microbial CH4 oxidation, only very 
few high affinity MOB isolates (able to thrive under the atmospheric CH4 mixing ratio of 1.8 
ppmv) are obtained to date, all belonging to the Methylocystis genus (Conrad 2009; Kolb 
2009). 
Apart from the expression of a pMMO variant which allows growth under atmospheric levels 
of CH4 another survival strategy of MOB could rely on facultative metabolism of alternative 
carbon and energy sources than CH4 (or other C1 compounds) allowing growth and survival 
in environments with periodic CH4 limitation (Dedysh, Knief et al. 2005; Dunfield, Belova et 
al. 2010; Belova, Baani et al. 2011; Im, Lee et al. 2011; Semrau, DiSpirito et al. 2011). 
Members of the genus Methylocella could utilize (besides C1 compounds) organic acids such 
as acetate, pyruvate, propionate, succinate, malate and gluconate, alcohols such as ethanol, 
and 2-propanol and gaseous ethane and propane (Crombie and Murrell 2014). Additionally, 
some strains of Methylocapsa and Methylocystis were found to utilize acetate next to CH4 
(Dunfield, Belova et al. 2010; Belova, Baani et al. 2011; Im, Lee et al. 2011; Vorobev, 
Jagadevan et al. 2014). While some Methylocella strains showed preference for growth with 
multicarbon compounds over CH4, acetate-utilizing Methylocystis clearly preferred CH4. 
Hence, facultative acetate metabolism by MOB could be a survival strategy (Belova, Baani et 
al. 2011). Given their versatility in substrate utilization, these strains have been thoroughly 
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researched for their biotechnological potential (e.g. Im and Semrau (2011)). Interestingly, 
facultative MOB (Methylocystis, Methylocapsa and Methylocella) all fall into the 
Alphaproteobacteria, illustrating their broader substrate versatility than gammaproteobacterial 
MOB which reflects in their conceptual life strategy as stress tolerators (Ho, Kerckhof et al. 
2013). 
2.2.4. Methane fermentation under hypoxia 
A few years ago Kalyuzhnaya and colleagues reported on the coupling of methane 
assimilation with a highly efficient pyrophosphate-mediated glycolytic pathway under 
oxygen-limited conditions, resulting in a novel form of fermentation rather than respiration-
based methanotrophy (Kalyuzhnaya, Yang et al. 2013). In the gammaproteobacterial 
Methylomicrobium alcaliphilum this fermentation-based CH4 utilisation mode led to the 
formation of formate, acetate, lactate, succinate and hydroxybutyrate, which were partly 
excreted and hence accumulated in the growth medium. The presence of the putative 
fermentation genes in gammaproteobacterial MOB suggests this type of metabolism is likely 
widespread (Khmelenina, Rozova et al. 2015). The accumulation of these compounds under 
oxygen limitation could greatly impact the composition of methanotrophic communities 
consisting out of MOB and non-MOB (section 3.2) as the latter will be differentially impacted 
by the exuded organic carbon sources. This could be linked to observations in microcosms of 
lake Washington at different oxygen tensions, which showed that oxygen availability is a 
major factor determining the composition of microbial communities involved in methane 
oxidation (Hernandez, Beck et al. 2015; Oshkin, Beck et al. 2015), although differences in 
nitrogen metabolism rather than carbon metabolism were speculated to be determining for 
community composition under hypoxia (Hernandez, Beck et al. 2015). 
2.3. Ecology and ecophysiology 
All ecosystems harboring methane sources are typical habitats of MOB. These include (but 
are not limited to) sediments and water columns of freshwater and marine systems, aquifers, 
floodplains, high arctic and tundra wetlands, peat bogs, upland soils, rice paddies, landfill 
covers and sewage sludge (Conrad 2007; Semrau, DiSpirito et al. 2010; Ho, Vlaeminck et al. 
2013; Bowman 2014; Knief 2015). Aerobic MOB will typically occur at the oxic/anoxic 
interface. MOB can occur over a wide range of physicochemical niches ranging from 
circumneutral pH to (extremely) acidophilic growth restricted verrucomicrobial MOB (down 
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to pH 1, with an optimum around pH 2-2.5; Dunfield, Yuryev et al. (2007)). Although 
gammaproteobacterial MOB (Methylomonas sp.) have been found to tolerate pH 3.8 
(Danilova, Kulichevskaya et al. 2013), generally adaptation to mildly acidic pH is believed to 
be a characteristic of alphaproteobacterial MOB belonging to Beijerinckiaceae and some 
Methylocystis strains (Knief 2015). Thermoacidophilic verrucomicrobial MOB appear to be 
largely restricted to geothermal environments, though in particular to acidic conditions, since 
they seem to have a broader temperature range as revealed by cultivation-dependent and –
independent analyses (Sharp, Martinez-Lorenzo et al. 2014; van Teeseling, Pol et al. 2014). 
On the other side of the pH spectrum alkaliphilic MOB have been found to thrive in soda 
lakes at pH 9 or higher (Lin, Radajewski et al. 2004; Sorokin and Kuenen 2005; Antony, 
Kumaresan et al. 2010) and extremophilic haloalkaliphilic MOB display the ability to grow 
even at pH 11 (Trotsenko and Khmelenina 2002). Gammaproteobacterial MOB were found to 
dominate soda lakes, though a great diversity of gamma- and alphaproteobacterial MOB can 
be observed in these environments (Bowman 2014). Likewise optimal temperatures for MOB 
cover a wide range. While most described MOB are mesophilic (Hanson and Hanson 1996), 
several psychrophilic MOB (growing at temperatures lower than 15°C) have been described 
to grow at temperatures as low as 3.5 to 10°C (Semrau, DiSpirito et al. 2010) whereas 
thermophilic and thermotolerant MOB are known with optimal growth ranges from 55°C up 
to 62°C which may localize in hot springs and organic-rich environments with metabolic 
heating (e.g. compost) (Trotsenko, Medvedkova et al. 2009). In hot springs with large MOB 
populations, mostly only gammaproteobacterial MOB were detected (Bowman 2014). 
Depending on several physicochemical conditions, such as CH4 and O2 availability as well as 
copper-to-biomass ratio, selection of different groups of MOB may occur, shaping the MOB 
community structure (Henckel, Roslev et al. 2000; Semrau, DiSpirito et al. 2010; Krause, 
Lüke et al. 2012; Hernandez, Beck et al. 2015). Community level analysis of MOB 
populations and the ecological characteristics of gamma- and alphaproteobacterial MOB 
suggested that these groups have different traits which could be conceptualized as life 
strategies (Ho, Kerckhof et al. 2013). Gammaproteobacterial MOB were found to be highly 
responsive to substrate availability, whereas their numbers quickly reduced when 
environmental stress or substrate limiting conditions are applied. Alphaproteobacterial MOB 
were generally more stable and are assumed to be in a dormant state in the soil (Krause, Lüke 
et al. 2012). They display better stress tolerance compared to gammaproteobacterial MOB 
and facultative MOB (section 2.2.3) were limited to this phylogenetic group. Hence, in the 
plant ecology framework of Competitor - Stress tolerator - Ruderal (C-S-R, Grime (1977)) 
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alphaproteobacterial MOB can be considered stress tolerators (S), stress tolerator-ruderals (S-
R) or stress tolerators-competitors (S-C) while gammaproteobacterial MOB can be classified 
as competitors (C) or competitors-ruderals (C-R).  
3. The methanotrophic interactome 
Much like methanogenesis requires cooperation among (syntrophic) partner organisms 
(section 1.2), recent evidence points that also at the other side of the methane cycle 
methanotrophy greatly benefits from microbial interactions (Oshkin, Beck et al. 2015). 
Interactions in the metanotrophic interactome are less “compelling” as the main functionality 
is carried out by methanotrophic bacteria, which can also be cultivated as pure strains and still 
carry out the full functionality of methane oxidation (as opposed to methanogenic Archaea, 
which rely on other organisms to supply them hydrogen and CO2 /acetate from organic matter 
to synthesize CH4). Given the fact that many methanotrophs can grow in an axenic way, it is 
all the more interesting that in natural environments communities the carbon and energy 
which the MOB derive from CH4 is divided throughout the whole community. 
3.1. The methanotrophic food web 
MOB are known to engage in various naturally occurring symbioses and interactions with 
other organisms, comprising other bacteria (Hanson and Hanson 1996; Hrsak and Begonja 
2000; Modin, Fukushi et al. 2007; Stock, Hoefman et al. 2013; van der Ha, Vanwonterghem 
et al. 2013; Iguchi, Yurimoto et al. 2015), marine invertebrates (snails, mussels, sponges, 
tubeworms, crabs) at hydrothermal vents and cold seeps in the deep sea (Petersen and 
Dubilier 2009; Ruff, Arnds et al. 2013; Watsuji, Yamamoto et al. 2014), Sphagnum in 
peatlands and brown mosses in polygonal tundra (Raghoebarsing, Smolders et al. 2005; Kip, 
van Winden et al. 2010; Liebner, Zeyer et al. 2011; Larmola, Leppanen et al. 2014; Putkinen, 
Larmola et al. 2014; Ho and Bodelier 2015), (micro)algae (Hutchens, Radajewski et al. 2004; 
van der Ha, Bundervoet et al. 2011; van der Ha, Nachtergaele et al. 2012; Milucka, Kirf et al. 
2015) and wetland plants (Bao, Okubo et al. 2014; Minamisawa, Imaizumi-Anraku et al. 
2016). In ecosystems lacking other organic carbon sources, MOB can act as primary 
producers and provide the base for an extended food web by supplying CH4 – derived carbon 
to their environment (Murase and Frenzel 2007; Semrau, DiSpirito et al. 2010; Ruff, Arnds et 
al. 2013; van Duinen, Vermonden et al. 2013; Agasild, Zingel et al. 2014) and methane 
carbon has been found to support aquatic food webs up to the fish level (Sanseverino, 
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Bastviken et al. 2012). Several underlying mechanisms for trophic interactions between MOB 
and other organisms exist. Predation (grazing) of MOB by algae (e.g. Ochromonas danica), 
bacteriovores (e.g. Bdellovibrio bacteriovorus) and protozoa are negative interactions with 
other organisms which may shape methanotroph community structure by selective grazing 
(Hutchens, Radajewski et al. 2004; Murase and Frenzel 2008). However mutualistic and 
symbiotic interactions can be observed by the endosymbiontic lifestyle of (mainly 
gammaproteobacterial) MOB in marine invertebrates: the host provides MOB with a stable 
environment and optimal position for CH4 oxidation in the mixing zone where CH4 meets the 
aerated layer and in return the MOB supply the host with CH4-derived carbon either through 
metabolites or bacterial biomass (Dubilier, Bergin et al. 2008; Ruff, Arnds et al. 2013). Apart 
from endosymbiontic associations with marine invertebrates, recent evidence from epibiontic 
associations of MOB with the setae of the deep-sea dwelling crab Shinkaia crosniere 
suggested that also epibionts can nutritionally support their host (Watsuji, Yamamoto et al. 
2014). Similarly, alphaproteobacterial MOB were found to inhabit epidermal cell walls and 
xylem of rice roots, where they fix N2 and CH4 –derived carbon and are provided with a 
methane-rich environment (Bao, Okubo et al. 2014; Minamisawa, Imaizumi-Anraku et al. 
2016). An association with photosynthetic algae enabled MOB to colonize the water column 
of a permanently stratified anoxic lake, Lago di Cadagno (Milucka, Kirf et al. 2015), where 
the oxygenic photosynthesis by the algae in the light-penetrated zone of the lake created a 
niche for aerobic MOB in the otherwise anoxic ecosystem. Oxygen diffusion through the 
aerenchymatous tissue of rice plants in flooded rice fields can create a partially oxic 
environment for aerobic MOB and their associated microbial communities to thrive (Qiu, 
Conrad et al. 2009). MOB may also benefit from interactions with other micro-organisms, 
which are outlined in the next section. 
3.2. Preferential partnerships in methanotrophic microbial ecosystems 
MOB are often found to be associated with non-MOB bacterial partners. MOB are believed to 
support growth of methylotrophic organisms by the release of C1 compounds such as 
methanol and formaldehyde (Wilkinson, Topiwala et al. 1974; Megraw and Knowles 1989; 
Hanson and Hanson 1996; Hesselsoe, Boysen et al. 2005), which in turn is beneficial to the 
MOB since excessive accumulation of CH3OH and (mainly) HCHO can be toxic to the cells. 
Additionally, evidence has emerged that possibly, other low-molecular-weight carbon 
compounds may be released by the MOB supporting non-obligately/restricted-facultative 
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methylotrophic partners: acetate, succinate, hydroxybutyrate, lactate, citrate and sucrose 
(Rhee and Fuhs 1978; Costa, Dijkema et al. 2000; Trotsenko and Khmelenina 2002; 
Medvedkova, Khmelenina et al. 2007; Kalyuzhnaya, Yang et al. 2013). Additionally, several 
(other) secondary metabolites such as ectoine and methanobactin can be produced and 
excreted by the MOB (Khmelenina, Rozova et al. 2015), though their role in interactions with 
non-MOB has not been explored. Finally, some MOB are known to produce extracellular 
polymeric substances (EPS), largely consisting out of polysaccharides, probably as a response 
to excess carbon to other nutrients ratios or oxygen stress (Huq, Ralph et al. 1978; Wilshusen, 
Hettiaratchi et al. 2004; Wei, Su et al. 2015). As opposed to the CH4-derived carbon 
“deliberately” excreted by the MOB, growth-dependent lysis could release proteins and 
nucleic acids into the environment, enabling necrotrophic growth of the non-MOB partners 
(Linton and Buckee 1977; Eisentraeger, Klag et al. 2001). Necrotrophic growth could be 
considered an aspecific process, as many bacteria could benefit from growth-dependent lysis 
products of the MOB. However, clear and specific associations between MOB and non-MOB 
have been observed (Iguchi, Yurimoto et al. 2011; Stock, Hoefman et al. 2013; Jeong, Cho et 
al. 2014). These selective and preferential partnerships could be attributed to benefits for the 
MOB by associating with non-MOB which provide stimulatory factors for MOB growth. For 
example, in an enrichment from forest soil (Iguchi, Yurimoto et al. 2011) non-MOB partners 
of the genus Rhizobium increased growth of the MOB Methylovulum miyakonense by means 
of cobalamin (vitamin B12). Furthermore, a density-dependent growth stimulation of 
Sphingopyxis NM1 on Methylocystis M6 was observed at a 1:9 (v/v) MOB:non-MOB mixing 
ratio where mRNA transcripts of enzymes involved in CH4 metabolism were upregulated 
(Jeong, Cho et al. 2014). An unfortunate side effect of these specific interactions is the 
problematic purification of some MOB, as non-MOB partners (often methylotrophs) such as 
e.g. methanol-utilizing hyphomicrobia often co-purify with the MOB and impede MOB 
purification (Quayle 1972; Bowman 2006; Geymonat, Ferrando et al. 2011; Dedysh, 
Kulichevskaya et al. 2012; Takeuchi, Kamagata et al. 2014; Danilova, Suzina et al. 2016). 
Additionally, the intense association between MOB and non-MOB results in cross-feeding of 
13
CH4-derived carbon, which occurs during prolonged incubations required for (DNA) stable 
isotope probing (SIP) of methanotrophic enrichments and natural samples (Neufeld, Vohra et 
al. 2007; Neufeld, Wagner et al. 2007). Rather than considering this a limitation of SIP, in 
this thesis this cross-feeding was considered an advantage and used as a measure for a 
positive interaction between non-MOB and MOB. Additionally, we added evidence from co-
cultivation experiments of MOB and non-MOB and established a dataset 303 described 
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partnerships (supplied as a supplementary dataset to the publication of Chapter 2) between 
MOB and non-MOB. The most frequently described partners are known non-methanotrophic 
methylotrophs Methylophilaceae (13%, Figure 1-8) and Hyphomicrobiaceae (8%, Figure 
1-8). However, other families were also frequently identified as members of the 
methanotrophic interactome, for example Flavobacteriaceae (4%, mainly Flavobacterium), 
Xanthomonadaceae (4%) and Comammonadaceae (5%).  
The relationship between gammaproteobacterial MOB belonging to the family 
Methylococcaceae and the betaproteobacterial methylotrophic family Methylophilaceae has 
been repeatedly demonstrated (Hutchens, Radajewski et al. 2004; Beck, McTaggart et al. 
2014; Hernandez, Beck et al. 2015). Furthermore He, Wooller et al. (2012) showed a linear 
relationship between Methylophilaceae and Methylococcaceae in arctic lake sediment. 
However, overall the mode and determinants of successful MOB:non-MOB interaction as 
well as the mechanisms underlying MOB partner selectivity are still poorly understood and 
require further attention. 
 
Definition: the methanotrophic “partnership” 
Although a partnership could imply a bi-directional interaction, within the scope of this 
thesis a methanotrophic “partner” in the methanotrophic interactome is defined as any 
bacterium intricately involved in the biological methane oxidation. This intricate 
involvement is substantiated by either the direct assimilation of 
13
CH4 derived carbon 
into the biomass and biomarkers (e.g. DNA-SIP, Chapter 2) or positive interaction in 
co-cultivation experiments (positive as compared to the axenic MOB cultivation in the 
sense of increased total biomass, MOB biomass, non-MOB partner biomass, ….). In 
Chapters 3 and 4 however any bacterial strain that was added to the co-cultivation was 
referred to as a methanotrophic partner for writing convenience, however only the 
persistent organisms should be considered as fitting to the current definition. 
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Figure 1-8. Count summary of 303 described partnerships of non-MOB with MOB at the family 
level. 
4. Applications of methanotrophic interactomes 
From a biotechnological point of view waste streams rich in CH4 can be valorized for energy 
and heat production, however at lower CH4 concentrations microbial mitigation strategies 
should be considered. MOB-driven CH4 mitigation strategies have been implemented in 
several end-of-pipe solutions (Jiang, Chen et al. 2010; Pratt, Walcroft et al. 2012; Duan, Al-
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Soud et al. 2014), and some strategies even succeed in recovery of the energy and carbon 
stored in CH4 (Helm, Wendlandt et al. 2006; Hamer 2010; Fei, Guarnieri et al. 2014). 
While axenic MOB cultures are known to have many potential biotechnological applications 
(such as in- and ex-situ bioremediation of organic compounds (TCE, VC, t-DCE), production 
of biopolymers (polyhydroxy-alkanoates such as PHB, although mixed or enriched 
methanotrophic interactomes are generally employed to increase performance of PHB 
production (vide infra), production of extracellular polysaccharides, production of secondary 
metabolites (ectoine), production of components for biodiesel (gas-to-liquid, GTL), 
production of EPS, sucrose and lipids (Jiang, Chen et al. 2010; Fei, Guarnieri et al. 2014; 
Khmelenina, Rozova et al. 2015; Strong, Xie et al. 2015)), exploitation and engineering of 
methanotrophic interactomes could lead to improved and sustainable mitigation and recovery 
of CH4 in the form of metabolic energy or CH4-derived carbon. Unlocking the full potential 
of these interactomes for biotechnological applications may be hampered by the difficulty in 
methanotrophic interactome design and control (Jiang, Chen et al. 2010). Nevertheless, 
methanotrophic interactomes could have distinct advantages over axenic MOB. For example, 
Bothe and colleagues (Bothe, Jensen et al. 2002) suggested that contaminant partners 
(Anaeribacillus sp., Brevibacillus agri, Ralstonia sp.) are actually beneficial to an industrial 
biotechnological process such as the production of single-cell protein (SCP), by removing 
inhibitory compounds from the medium released by Methylococcus capsulatus. The 
production of biological protein from methane (by means of e.g. Methylococcus capsulatus) 
has become an attractive alternative to fish feed (Calysta
TM
 FeedKind
TM
). Partnerships 
between MOB and micro-algae (“methalgae”) may be even more interesting sources of feed, 
as they do not depend on external oxygen supply and may be directly used to convert highly 
CH4-oversaturated industrial anaerobic waste-waters to microbial lipids and protein (van der 
Ha, Bundervoet et al. 2011). The methalgae consortium also tends to form flocs, which 
facilitates biomass separation from the liquid phase. Direct production of methalgae-flocs 
enriched in PHB (which is beneficial to aquaculture (De Schryver, Sinha et al. 2010; Dinh, 
Wille et al. 2010)) and algal lipids from synthetic biogas induced by nutrient limitation and 
pH shifts in a Scenedesmus/Methylocystis interactome has been described (van der Ha, 
Nachtergaele et al. 2012). Furthermore, methane-driven denitrification (termed MOD Liu, 
Sun et al. (2014)) or AME-D (in the case of aerobic MOD, Zhu, Wang et al. (2016)) is a 
process believed to be driven by an interactome between MOB which supply organic carbon 
to denitrifiers (Costa, Dijkema et al. 2000; Modin, Fukushi et al. 2007). However, the 
discovery of the nitrite-dependent Methylomirabilis oxyfera in the NC10 phylum (Ettwig, van 
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Alen et al. 2009) as well as anaerobic methane-oxidizing Archaea (Haroon, Hu et al. 2013) 
and aerobic MOB (such as Methylomonas denitrificans FJG1, Kits, Klotz et al. (2015) which 
are able to perform (partial) denitrification with methane as a carbon source without non-
MOB denitrifying partners may change the assumed importance of microbial interactions to 
this process (Figure 1-9).  
 
Figure 1-9. Postulated pathways of aerobic methane oxidation coupled to denitrification and 
trophic links between these two processes (Zhu, Wang et al. 2016). Main microorganisms 
responsible for each pathway: (I) Methylomicrobium album ATCC 33003 (Nyerges, Han et al. 2010), 
Methylomonas denitrificans FJG1 (Kits, Klotz et al. 2015), (II)Methylotenera mobilis (Bosch, Wang et 
al. 2009), Methylocystis parvus and Mesorhizobium plurifarium (Costa, Dijkema et al. 2000). 
Methanotrophic consortia also occur naturally in wastewater treatment plants where they 
attenuate methane emissions (Ho, Vlaeminck et al. 2013). Furthermore, associations between 
Bradyrhizobia and Alphaproteobacterial MOB may be key to N fixation in the rice 
rhizosphere (Minamisawa, Imaizumi-Anraku et al. 2016). In the case of MOB-mediated 
biodegradation of organic pollutants Hrsak and Begonja (2000) reported that non-MOB 
stimulated their MOB partners by removing toxic intermediates. A simple community, mainly 
consisting of a MOB and seven accompanying non-MOB bacteria, was used for PHB 
production from CH4. This community proved to be stable in composition for a prolonged 
period of 29 months even under non-aseptic conditions, suggesting a strong self-regulating 
capacity and a positive selection towards an optimal interactome for PHB production (Helm, 
Wendlandt et al. 2006). 
Chapter 1 
 28 
C
H
A
P
T
E
R
 1
 
Apart from advances on the microbiological side of the biotechnological applications of MOB 
(Duan, Luo et al. 2011; Minshull, Ness et al. 2014), enhancement of operational parameters 
counteracting the low solubility of CH4 and O2 in the aqueous phase could greatly improve 
biotechnological applications of MOB and methanotrophic interactomes. Such enhancements 
can rely on changes in reactor design such as unconstrained membrane biofilm reactors 
(Hamer 2010), mixing of the multiphase system in a U-loop reactor (Prado-Rubio, Jørgensen 
et al. 2010) and gas recycling (Estrada, Lebrero et al. 2014). Additionally increased mass 
transfer may be obtained using paraffin oil methane vectors (Han, Su et al. 2009). 
5. Research outline and objectives 
This dissertation focusses on the bacterial interactions between MOB and non-MOB and tries 
to assess what are the determining factors for non-MOB partner selection in the 
methanotrophic interactome. Specific focus lies on representatives of alpha- and 
gammaproteobacterial MOB (which have differing physiologies, section 2.2.1), resulting in 
differential functional traits which can in turn be conceptualized as distinct life strategies (Ho, 
Kerckhof et al. 2013). The impact of these differences on interactions with non-MOB has not 
been studied. An increased insight in the co-existence and the extent of co-dependence of 
MOB with non-MOB is required to fully understand the essential ecosystem service of 
biological methane oxidation (Oshkin, Beck et al. 2015).  
 
 
PART 1: TOP-DOWN APPROACH IN UNRAVELLING THE METHANOTROPHIC 
INTERACTOME 
First, an established methanotrophic enrichment lab culture which was enriched over an 
extended period of time under non-axenic conditions was employed as the inoculum. In this 
way, the community composition should reflect an optimal methanotrophic interactome. In 
Chapter 2 this interactome was dissected by means of time-resolved stable isotope probing 
(SIP) to assess which interactome partners are most intricately involved in the metabolism of 
CH4-derived carbon.  
 
PART 2: BOTTOM-UP APPROACHES IN PUZZLING THE METHANOTROPHIC 
INTERACTOME TOGETHER 
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Next, an attempt to assemble an optimal methanotrophic interactome was executed by piecing 
together multiple non-MOB strains with MOB. In a first approach, described in Chapter 3, 
partner selection was “supervised”: first, initial compatibility was assessed which was 
subsequently used to match MOB and non-MOB partners together. In a second approach, 
described in Chapter 4 , “unsupervised” partner selection was accomplished by a competition 
experiment amongst of non-MOB partners in the methanotrophic interactome. 
 
PART 3: PRESERVATION AND LONG TERM STORAGE OF INTERACTOMES 
In Chapter 5 an optimized method for cryopreservation of (methanotrophic) interactomes is 
described, which could allow adequate preservation of optimal interactomes for possible 
biotechnological applications. 
 
PART 4: DISCUSSION AND PERSPECTIVES FOR FUTURE RESEARCH  
Finally, the combined findings over all chapters are summarized in Chapter 6. Similarities 
among all chapters and their significance in the light of known literature are discussed. In 
Chapter 7 some experiments and strategies for future research in methanotrophic interactomes 
are suggested. 
 
The research chapters in part 2 and 3 directly fit within the CMET synthetic ecosystem 
flowchart, as outlined in Figure 1-10. 
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Figure 1-10. Positioning of the research chapters within the generic CMET synthetic ecosystems 
flowchart. 
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CHAPTER 
  2
THE METHANOTROPHIC ‘INTERACTOME’: CARBON FLOW 
THROUGH AN INTERACTING METHANE-OXIDIZING 
COMMUNITY  
 
Abstract 
Methane (CH4) is an important greenhouse gas and one strategy for methane mitigation could 
rely on the use of methanotrophic bacteria (MOB). Recently, accumulating evidence 
demonstrated that methane oxidation is stimulated when MOB are interacting with non-
methanotrophic microbes. Dissecting such an “interactome” can be done in a multitude of 
ways, of which stable-isotope probing (SIP) of the DNA is a valuable technique to track 
carbon flow through all partners actively involved. While most studies employing DNA-SIP to 
the methanotrophic interactome focused on the MOB that form the basis of the interactome, 
here a short-term time-resolved SIP incubation was performed in order to identify the non-
methanotrophic microbes most actively involved in the interactome. A MOB (Methylomonas 
sp.) was found to be the primary producer supplying organic carbon to the interactome, and 
having a restricted trophic interaction with Methylotenera spp. as primary consumers. The 
relationship with secondary consumers was more promiscuous. Our findings provide insight 
into the methane-derived carbon flow through a methanotrophic interactome by focusing on 
the most intricately involved non-MOB community members. While confirming the 
previously reported link between Methylococcaceae and Methylophilaceae the diversity of 
secondary consumers (with Flavobacteria, Hydrogenophaga and Chitinophagaceae among 
the most prominent of them) is an interesting connection within the interactome, indicating the 
importance of specific biotic interactions to aerobic methane oxidation. 
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Chapter redrafted after:  
Kerckhof, F.-M., Ho, A., Granitsiotis M.G., Schloter M., Heylen, K., Boon, N. The 
methanotrophic interactome: carbon flow through an interacting methane-oxidizing 
community. PloS One (submitted) 
1. Introduction 
Methane (CH4) is an important greenhouse gas, and the majority (ca. 60%) of its emission 
originated from anthropogenic sources (Kirschke, Bousquet et al. 2013). Recently, the 
Intergovernmental Panel on Climate Change (IPCC) increased the global warming potential 
of methane from 25 to 34, using a time horizon of 100 years with inclusion of climate-carbon 
feedback (Myhre, Shindell et al. 2013). One strategy for methane mitigation could rely on the 
use of methanotrophic bacteria (methanotrophs, MOB). MOB are characterized by their 
unique ability to use CH4 as a sole carbon and energy source (Hanson and Hanson 1996). The 
majority of the cultured aerobic MOB can be classified within the clades of Alpha- and 
Gamma-proteobacteria (Semrau, DiSpirito et al. 2010). These lineages can be differentiated 
based on their physiology, which may reflect their adopted life strategies (Ho, Kerckhof et al. 
2013). While axenic MOB cultures are known to have many potential biotechnological 
applications (reviewed by Strong, Xie et al. (2015)), recently, accumulating evidence 
demonstrated that methane oxidation is stimulated when MOB are interacting with non-
methanotrophic microbes (Dunfield, Liesack et al. 1999; Ho, de Roy et al. 2014; Jeong, Cho 
et al. 2014). The importance of these interactions to the methanotrophic microbiome (i.e. the 
methanotrophic “interactome”) is supported by the frequent co-purification of non-MOB in 
methanotrophic enrichments from the environment (Lamb and Garver 1980; Holmes, Owens 
et al. 1995; Koch, Gich et al. 2008; Dedysh, Kulichevskaya et al. 2012; Takeuchi, Kamagata 
et al. 2014). These interactions can be very specific (Iguchi, Yurimoto et al. 2011; Stock, 
Hoefman et al. 2013), although it is not yet entirely elucidated what the determining factors to 
a successful partnership are. Hence, it seems that a methanotrophic interactome is required for 
effective biological aerobic methane oxidation, rather than individual obligate methanotrophic 
bacteria (Oshkin, Beck et al. 2015). Exploitation and engineering of these interactomes could 
lead to improved and sustainable mitigation and recovery of CH4 in the form of metabolic 
energy or CH4-derived carbon. For example, in environmental biotechnology methanotrophic 
interactomes are relevant e.g. for denitrification (Liu, Sun et al. 2014) and occur naturally in 
wastewater treatment plants (Ho, Vlaeminck et al. 2013).  
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To be able to engineer the methanotrophic interactome, insight into the active partners 
involved with methane assimilation is required. Stable isotope probing (SIP) is a method 
which enables direct linking of the active community members in an interactome to methane 
oxidation and assimilation of 
13
C-labeled CH4 (Dumont and Murrell 2005; Neufeld, Wagner 
et al. 2007). SIP has been employed repeatedly to investigate active microbial partners of the 
methanotrophic interactome in the environment. However, these studies focused almost 
exclusively on the MOB rather than the non-methanotrophic partners and are generally 
performed over longer timeframes, which may confound the detection of the partners most 
intricately involved with methane metabolism (Table 2-1).  
Table 2-1. Overview of 
13
CH4 - SIP experiments and their corresponding sampling times. 
Reference Sampling time(s) Source and remarks 
Morris, Radajewski et al. 
(2002) 
40 days Peat soil microcosm incubations to 
identify low-affinity MOB 
Radajewski, Webster et al. 
(2002) 
76 days Acidic (pH=3.5) oak forest soil  
Hutchens, Radajewski et 
al. (2004) 
13-14 days Microcosms of gas-bubble floating 
microbial mats from Movile cave 
Lin, Radajewski et al. 
(2004) 
36 days Transbaikal soda lake sediments 
Mohanty, Bodelier et al. 
(2006) 
50 days Rice field & forest soils with 
different nitrogen fertilizer 
amendments 
Cebron, Bodrossy et al. 
(2007) 
10-19 days Slightly acidic peat landfill cover soil 
Cebron, Bodrossy et al. 
(2007) 
9-35 days  Wytham soil incubation with 
different amendments of nutrients 
Murase and Frenzel 
(2007) 
20 days RNA-SIP of wetland rice soil 
Jensen, Neufeld et al. 
(2008) 
3-49 days Haltenpipe deep-water coral reef 
sediment of the coast of Norway 
Kalyuzhnaya, Lapidus et 
al. (2008) 
3-5 days Lake Washington sediment 
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Noll, Frenzel et al. (2008) 1-7 days RNA-SIP of rice paddy soil 
Osaka, Ebie et al. (2008) 2-15 days Activated sludge for methane-
dependent denitrification 
Qiu, Noll et al. (2008) 7 days RNA-SIP of Pulse-labeled rice 
rhizosphere  
Han, Chen et al. (2009) 24 days Alkaline soil from a Chinese coal 
mine  
Moussard, Stralis-Pavese 
et al. (2009) 
6-14 days Marine estuary 
Qiu, Conrad et al. (2009) 9-20 days Young and old rice root nodules 
Antony, Kumaresan et al. 
(2010) 
12 days Saline and alkaline (soda) lake 
Martineau, Whyte et al. 
(2010) 
8-12 days (RT), 31-45 
days (4°C) 
Canadian high arctic soil 
Redmond, Valentine et al. 
(2010) 
3-9 days Hydrocarbon off-shore seep sediment 
(Dumont, Pommerenke et 
al. (2011); Dumont, 
Pommerenke et al. 2013) 
Daily for 4 days (24h) Lake sediment for DNA, RNA and 
metatranscriptomic analyses 
Graef, Hestnes et al. 
(2011) 
14 and 28 days High arctic peat 
He, Wooller et al. (2012) 212-248 days (4°C) 
144-212 days (10°C) 
55-74 days (21°C) 
Arctic lake sediment at different 
incubation times 
He, Wooller et al. (2012) 188 days Arctic lake sediment 
He, Wooller et al. (2012) 38-212 days Arctic lake sediment 
Sharp, Stott et al. (2012) 14 days  Modified double-labeled approach to 
detect autotrophic verrucomicrobial 
MOB in soil 
Beck, Kalyuzhnaya et al. 
(2013) 
10 to 30 days Freshwater sediments from lake 
Washington with different oxygen 
atmosphere and nitrogen source 
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amendments 
Saidi-Mehrabad, He et al. 
(2013) 
6 to 10 days Water sampling from oilsands 
tailings ponds. 
Daebeler, Bodelier et al. 
(2014) 
14, 21 and 28 days Volcanic grassland soil 
Putkinen, Larmola et al. 
(2014) 
57 to 90 days Sphagnum-associated methanotrophs 
in boreal peatlands 
Sharp, Martinez-Lorenzo 
et al. (2014) 
Within one week (5-7 
days) 
Geothermal spring soil incubated at 
corresponding environmental 
temperatures 
Zheng, Huang et al. (2014) 19 days Rice paddy soil 
 
Recently, synthetic ecology approaches (Stenuit and Agathos 2015) revealed the relevance 
and specificity of the interactions between the MOB and non-MOB partners by assembling 
them together in synthetic communities (Stock, Hoefman et al. 2013; Ho, de Roy et al. 2014). 
Even though the exact nature of these partnerships remains to be elucidated, certain trophic 
interactions other than grazing or predation (Morris, Radajewski et al. 2002; Hutchens, 
Radajewski et al. 2004; Murase and Frenzel 2007) could be observed: as methane-derived 
CO2 is readily available as the catabolic end-product of CH4 oxidation, its autotrophic fixation 
(by photosynthesis) has been shown before to be an effective mode of interaction with mosses 
(Raghoebarsing, Smolders et al. 2005; Kip, van Winden et al. 2010) and micro-algae (van der 
Ha, Bundervoet et al. 2011; van der Ha, Nachtergaele et al. 2012). Furthermore, it has been 
known for a long time that MOB can accumulate methanol in their medium hence enabling 
methylotrophic organisms to grow (Wilkinson, Topiwala et al. 1974; Hanson 1980; Megraw 
and Knowles 1989), which in turn alleviate self-inhibitory effects for the MOB. Over time, 
other evidence has emerged that possibly, other low molecular weight carbon compounds 
may be metabolites released by the MOB supporting partnerships with obligate or restricted 
facultative methylotrophs (C1) and other heterotrophs (Figure 2-1), including facultative 
methylotrophs (C2 and up) (Hanson and Hanson 1996; Hrsak and Begonja 2000; Nercessian, 
Bienvenu et al. 2005; Modin, Fukushi et al. 2007; He, Wooller et al. 2012). Among these low 
molecular weight (LMW) carbon compounds are C1 compounds such as formic acid and 
formaldehyde as well as C2 up to C6 compounds such as acetate (Costa, Dijkema et al. 2000), 
succinate, hydroxybutyrate and lactate (under micro-aerobic conditions; Kalyuzhnaya, Yang 
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et al. (2013)), citrate (by transformation of CH3OH initially formed by the MOB itself to 
citrate; Rhee and Fuhs (1978)) and sucrose (by extremophile and extremotolerant MOB 
(Trotsenko and Khmelenina 2002; Medvedkova, Khmelenina et al. 2007; But, Rozova et al. 
2012)). Next to simple, C1 to C6 metabolites, MOB are known to produce extracellular 
polymeric substances (EPS), probably as a response to excess carbon as opposed to other 
nutrients or to oxygen stress (Hilger, Cranford et al. 2000; Wilshusen, Hettiaratchi et al. 
2004; Wei, Su et al. 2015). As opposed to CH4 metabolism-linked “leakage” of LMW carbon 
compounds and EPS, growth-dependent lysis of MOB could release protein and nucleic acids 
into the environment, enabling necrotrophic growth of their partners (Linton and Buckee 
1977; Eisentraeger, Klag et al. 2001).  
 
 
Figure 2-1. Possible interactions in the methanotrophic interactome. In a closed methane-driven 
system, the methanotrophic partner is the primary producer of organic carbon for the entire 
interactome. Primary consumers are in a direct trophic interaction with the organic carbon produced 
by the MOB. This is either by consuming LMW intermediates of methane metabolism or by feeding on 
more complex organic molecules such as EPS or autolysis products. Secondary partners consume 
methane derived carbon through metabolites released by the primary consumers or by feeding on 
lysed primary consumers. Solid arrows represent methane-derived carbon flow through the 
community. Dashed arrows represent a possible flow of growth factors and vitamins of the primary 
and secondary consumers to the MOB.  
Evidence from synthetic ecology experiments and previous SIP and non-SIP studies 
suggested that preferred partnerships between MOB and the non-methanotrophic community 
members are in fact governing the methanotrophic interactome composition (Stock, Hoefman 
et al. 2013; van der Ha, Vanwonterghem et al. 2013). These preferred partnerships have not 
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been studied to a great extent, but are evidenced by co-occurrence of specific microbial 
groups with MOB and their assimilation of 
13
CH4-derived carbon. In that respect it is 
important to bring into account that these partnerships are not a one-way carbon flow from the 
MOB to the non-MOB partners: non-MOB partners may supply growth factors to the MOB, 
such as proteins and vitamins (Figure 2-1). For instance, Iguchi, Yurimoto et al. (2011) 
showed that cobalamines (Vitamin B12) excreted by Rhizobia stimulated methanotrophic 
growth in co-cultures. The partners may also enable the MOB to survive in an environment 
with organic pollutants that would otherwise be toxic (Hrsak and Begonja 2000; Hesselsoe, 
Boysen et al. 2005). A metadata analysis of the 303 described partnerships of methanotrophic 
interactomes (Figure 1-8) highlighted the recurrence of specific bacterial taxa as 
methanotrophic microbiome partners. The most frequently described partners are known non-
methanotrophic methylotrophs Methylophilaceae (14%, Figure 1-8) and Hyphomicrobiaceae 
(8%, Figure 1-8) which are believed to grow on C1-metabolites released by the MOB, thereby 
possibly alleviating toxicity effects of these compounds (Hanson and Hanson 1996). 
However, members of other families were also frequently identified as partners of the 
methanotrophic interactome, for example members of Flavobacteriaceae (5%, mainly 
Flavobacterium), Xanthomonadaceae (5%) and Comammonadaceae (6%). As stated in the 
previous paragraph, these microbes could encompass non-methanotrophic (facultative) 
methylotrophs, given the widespread phylogeny of methylotrophy (Chistoserdova, Lapidus et 
al. 2007; Kolb 2009; Chistoserdova 2011; Hung, Wade et al. 2011) or non-methylotrophic 
heterotrophs, which feed on more complex substrates (Figure 2-1). A few members of 
bacterial predatory families were also described frequently, however it is yet unclear in which 
way bacterial predation influences the methanotrophic interactome (Figure 1-8, Murase and 
Frenzel (2008)). 
Given the recent evidence supporting the importance of these interactions for aerobic 
methanotrophy, a long-term enriched methane-driven interactome (van der Ha, Hoefman et 
al. 2010) was used to identify the primary producers (i.e. MOB, Figure 2-1) as well as the 
carbon flow pattern to the primary- and secondary consumers of the interactome (Figure 2-1), 
which have not been the focus of SIP studies up till now. To that end, DNA-SIP at a fine time 
resolution was combined with bidirectional pyrosequencing of the 16S rRNA gene to increase 
taxonomic resolution. The 16S rRNA community structure was dissected based upon richness 
and evenness assessments as well as indicator species analysis, to reveal which interactome 
partners are most intricately involved in 
13
CH4 derived carbon assimilation.  
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2. Material and methods 
2.1. Mixed culture growth conditions and MOR calculation 
A methanotrophic enrichment was sub-cultivated over four years from the original 
enrichment culture from different pooled sources (van der Ha, Hoefman et al. 2010) in nitrate 
mineral salts (NMS) medium with copper (Bowman 2006) and an initial headspace 
concentration of 20% (v/v) CH4. The headspace was replenished every three days. Biomass 
was sampled from these communities growing in active methane oxidizing fed-batch reactors 
and inoculated at 10% (v/v) in NMS at the start of the experiment. Batch incubations with 
either 20% (v/v) 
12
CH4 in air (Alphagaz 2, Air Liquide, Belgium) or 20% (v/v) 
13
CH4 in air 
(Campro Scientific Gmbh, The Netherlands) were performed in 120 mL opaque serum bottles 
(2*6 for the labeled, and 1*6 for the unlabeled incubation) capped with butyl rubber stoppers. 
The working volume was 20 mL. The bottles were incubated on a rotary shaker at 120 rpm 
for 92 hours in a temperature controlled room at 21 °C. Headspace gas composition (%CH4, 
%O2, %CO2) and pressure were sampled concurrently with biomass sampling at 5, 24, 32, 60 
and 92 hours. For each time point, a different serum bottle was used, as the total biomass was 
sampled for DNA extraction and DNA-SIP (destructive sampling). The headspace gas was 
sampled and its composition determined using a Compact GC® (Global Analyser Solutions, 
the Netherlands) equipped with a PoraBOND Q pre-column (Agilent, USA), a Molsieve 5A 
column and a thermal conductivity detector. The system was controlled by EZChrom Elite 
software (Agilent, USA). The methane oxidation rate (MOR) was calculated by means of 
linear regression of the methane removal profile. 
2.2. DNA extraction and DNA-SIP 
To track how 
13
CH4 – derived carbon was assimilated by the different partners in the 
methanotrophic interactome, DNA-SIP was executed according to the protocol described by 
Neufeld, Vohra et al. (2007) for the gradient setup without EtBr. Three series of 6 serum 
bottles (one for each time point) were incubated with either 
12
CH4 (1 series) or 
13
CH4 (2 
series). At each time point, the whole cultivation medium along with the MOB cells was 
centrifuged (8000×g, 15 minutes, 4°C) and the pellet was stored at -20 °C until further use. 
Sacrificial sampling was performed at relatively short time intervals (with respect to Table 
2-1), to selectively detect the interactome partners most intricately involved in CH4 
metabolism. Only one of the 
13
CH4 incubation series was analysed further and compared to 
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the 
12
CH4 incubation series. DNA was extracted with the FastDNA® SPIN Kit (MP 
Biomedicals, USA) according to the manufacturer’s instructions. DNA concentrations and 
purity were assessed with a nanodrop ND-1000 (Thermo Fisher Scientific, USA). Density of 
the DNA/CsCl gradient was measured using a DSA 5000M density meter (Anton Paar, 
Austria). Ultracentrifugation was performed using a Beckman L7-55 ultracentrifuge with a 
VTi 65.1 rotor (Beckman Coulter) for 40 hours at 177000×g and 20°C under vacuum. 
Amplification of the 16S rRNA gene from each fraction as visualized by DGGE clearly 
confirmed that the 
13
C fraction was enriched for specific organisms, not occurring in the 
12
C 
control incubation (Figure 2-5).  
2.3. Abundance of MOB 
Quantitative PCR (qPCR) assays were performed on DNA extract of the 
12
CH4 and 
13
CH4 
incubations to measure the abundance of MOB, using the pmoA gene as proxy for the total 
MOB community. The pmoA gene, encoding for a subunit of the particulate methane 
monooxygenase enzyme, is present in virtually all obligate methanotrophs and is congruent 
with the 16S rRNA gene phylogeny (Knief 2015), making it a suitable biomarker for 
methanotrophs (Ho, Lüke et al. 2011). The qPCR assays specifically targeting the aerobic 
Alphaproteobacterial (TYPEII assay) and gammaproteobacterial (MBAC and MCOC assays) 
MOB were performed using the primer combinations, primer concentrations, and PCR 
thermal profile as described in detail by Ho, Vlaeminck et al. (2013). Briefly, each qPCR 
reaction (total volume 20 µl) consisted of 10 µl 2X SensiFAST SYBR (BIOLINE, the 
Netherlands), 3.5 µl of forward and reverse primers, 1 µl Bovine Serum Albumin (5 mg/ml; 
Invitrogen, the Netherlands), and 5 µl of 10X diluted template DNA to obtain the optimal 
target yield. For all assays, the melt curve was obtained from 70°C to 99°C (1°C temperature 
increase on each cycle). Efficiency of the qPCR reactions was within the range of 97-105%, 
with the slope of the standard curve of 3.2-3.4 and R² > 0.98. The qPCR was performed with 
a Rotor-Gene Q real-time PCR cycler (Qiagen, the Netherlands) in duplicate for each DNA 
extract (the 
12
C and 
13
C incubations) giving a total of four replicated measurements per 
sampling point. 
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2.4. PCR-DGGE and 454 amplicon sequencing 
2.4.1. PCR and DGGE analysis 
The 16S rRNA gene region was amplified using primer set p338F / 518R (5’-ACT CCT ACG 
GGA GGC AGC AG-3’ / 5’-ATT ACC GCG GCT GCT GG-3’) targeting the V3 variable 
region (Muyzer, Dewaal et al. 1993; Ovreas, Forney et al. 1997). A GC clamp of 40 bp 
(Muyzer, Dewaal et al. 1993; Ovreas, Forney et al. 1997) was added to the forward primer. 
The PCR program consisted of 10 min 95°C; 35 cycles of 1 min. 94°C, 1 min. of 53°C, 2 min. 
of 72°C; and a final elongation for 10 min. at 72°C. Amplification products were analysed by 
electrophoresis in 1.5% (wt/vol) agarose gels stained with ethidium bromide. DGGE 
(Denaturing Gradient Gel Electrophoresis) based on the protocol of Muyzer et al. (Muyzer, 
Dewaal et al. 1993) was performed using the INGENYphorU System (Ingeny International 
BV, The Netherlands). PCR fragments were loaded onto 8% (w/v) polyacrylamide gels in 1  
TAE buffer (20 mM Tris, 10 mM acetate, 0.5 mM EDTA pH 7.4). To process and compare 
the different gels, a marker of different PCR fragments was loaded on each gel (Boon, De 
Windt et al. 2002). The polyacrylamide gels were made with denaturing gradients ranging 
from 40% to 60% (where 100% denaturant contains 7 M urea and 40% formamide). The 
electrophoresis was run for 16 hours at 60°C and 120V. Staining and analysis of the gels was 
performed as described previously (Boon, Goris et al. 2000). The normalization and analysis 
of DGGE gel patterns was done with the BioNumerics software 5.10 (Applied Maths, Sint-
Martens-Latem, Belgium). Ecological microbial resource management (MRM) parameters 
(Range-weighted richness and Gini coefficient) were calculated as described by Marzorati 
and colleagues (Marzorati, Wittebolle et al. 2008; Read, Marzorati et al. 2011).  
2.4.2. PCR and 454 amplicon pyrosequencing 
Amplicon pyrosequencing of the 16S rRNA gene was performed using a 454 XL+ Titanium 
system (Roche, Penzberg, Germany) as described before (Pilloni, Granitsiotis et al. 2012). 
Barcoded amplicons for multiplexing were prepared using the Ba27F/Ba519R primers (5’-
AGA GTT TGA TCM TGG CTC AG-3’/5’- TAT TAC CGC GGC KGC TG-3’), amplifying 
the V1, V2 and V3 region of the 16S rRNA gene, extended with the respective A or B 
adapters, key sequence and multiplex identifiers (MID) as recommended by the manufacturer. 
Pyrotag PCR was performed in a Mastercycler ep gradient (Eppendorf, Hamburg, Germany) 
with the following cycling conditions: initial denaturation (94
°
C, 5 min), followed by 28 
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cycles of denaturation, annealing and elongation (94
°
C - 30s, 52
°
C - 30s and 70
°
C - 60s), 
followed by a final elongation (5 min - 70
°
C). For each sample the PCR reaction was 
performed in triplicate, in a final volume of 50 µl containing 1x PCR buffer, 1.5 mM MgCl2, 
0.1 mM dNTPs, 1.25 U recombinant Taq polymerase (Fermentas, St. Leon-Rot, Germany), 
0.2 µg ml
-1
 bovine serum albumin (Roche), 0.3 mM of each MID-primer (Biomers, Ulm, 
Germany) and approximately 50 ng of template DNA. The triplicate amplicons were pooled 
and purified using PCRExtract Mini kit (5 PRIME, Hilden, Germany) following the 
manufacturer instructions. Libraries were quantified by the Quant-iT PicoGreen dsDNA 
quantification kit (Invitrogen, Paisley, UK), diluted accordingly and pooled in an equimolar 
ratio of 10
9
 molecules ml
-1
. Emulsion PCR, emulsion breaking and sequencing were 
performed by applying the GS FLX Titanium chemistry following supplier protocols. 
Pyrosequencing was performed in a Picotiter Plate, in a pool with other samples, with 26 
samples per quarter of a plate. 
The sequence run was performed bidirectional. The obtained reads were mapped into contigs 
using DNA Star Lasergenes 8 followed by Uchime chimera removal and OTU clustering at 
97% using Mothur (Schloss, Westcott et al. 2009; Schloss, Gevers et al. 2011). The initial 
contig read were mapped to OTUs using the R language for statistical computing, version 
3.2.2 (R Development Core Team 2015). This resulted in a mapping of a total of 30218 
sequences into 348 overlapping “contigs” which clustered into 112 OTUs at the 97% 
sequence similarity cutoff among all fractions with a read length of 479 (±20) nucleotides 
(average ± standard deviation). The sequences were deposited in NCBI under the accession 
number SRP071018. 
2.5. Data analysis 
Representative sequences for each OTU were classified using the Naïve Bayesian Classifier 
as implemented in Mothur. The confidence threshold was set at 65%. Each phylogenetic 
taxonomy outline and template supplied on the Mothur taxonomy outline page (RDP, Silva, 
Greengenes) was run, followed by a custom-made R script to create a consensus taxonomy 
with manual correction. In case the taxonomies were not in agreement, the classification with 
the highest confidence score was chosen. In case all non-agreeing classifications had the same 
confidence score the Greengenes template and taxonomy were given preference, unless they 
were (part of) recommended taxonomies from Greengenes differing from the list of 
prokaryotic names with standing in nomenclature (LPSN, www.bacterio.net). In case of ties 
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among different classifications, the LPSN was consulted and the best NCBI nucleotide blast 
match against refseq RNA excluding environmental sequences was used to break the ties. 
Alignments were performed against the SILVA v119 reference using Mothur. Taxonomic 
trees were built with RAxML 8.1.17 (Stamatakis 2006; Ott, Zola et al. 2010) with 1000 non 
parametric bootstraps with 123 as a random seed and the general time reversible (GTR) model 
of nucleotide substitution with the Γ model of rate heterogeneity with 4 discrete rate 
categories. From these trees an extended majority rule bootstrap consensus tree was 
constructed (Aberer, Pattengale et al. 2010; Pattengale, Aberer et al. 2011) and visualized 
with iToL (Letunic and Bork 2011). 
To identify key interacting partners a Dufrêne-Legendre indicator species analysis (Dufrêne 
and Legendre 1997) was performed on the OTU tables of the entire dataset, randomly 
subsampled to the lowest sample-based sequence count using the indval function from the 
labdsv R package (version 1.7-0, Roberts (2015)) with 10000 iterations and a threshold of 
indicator value of 0.1 at 24h and 0.6 at 60h. The Dufrêne-Legendre indicator species analysis 
calculates an index that combines relative abundance of an OTU and its relative frequency of 
occurrence in the various fractions. The index is highest when all reads of an OTU are found 
in a group of fractions within either the heavy or the light fractions and when the OTU occurs 
in all fractions within these heavy or light fractions. Although the index was designed to show 
which species are indicative for a specific ecosystem in this case it was employed on “virtual” 
ecosystems of in-silico pooled light and heavy fractions at different time points during the 
analysis. 
3. Results and discussion 
3.1. Initial community composition, MOB activity and MOB abundance 
A methanotrophic enrichment originating from various environmental samples (van der Ha, 
Hoefman et al. 2010) was enriched for over four years. Methane was given as only organic 
carbon and energy source and MOB were presumed to be the primary producers of the 
system. At the start of the experiment, the enrichment mainly comprised of Methylophilales 
(55%), Methylococcales (25%) and Burkholderiales (11%) (Figure 2-4). Additionally, some 
other orders were found in lower abundance such as unclassified Alphaproteobacteria related 
to Rickettsiales (2.6%), Flavobacteriales (1.6%) and Actinomycetales (1.5%). The 
abundances of other orders were below 1% and these included Rhodobacterales (0.82%), 
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Shingomonodales (0.72%) and Xanthomonadales (0.63%). Almost 25% of the reads in the 
initial inoculum were assigned at the genus level to Methylomonas, which was congruent with 
earlier estimates by clone library distributions from the same enrichment (van der Ha, 
Vanwonterghem et al. 2013). The community profile was consistent with a qPCR analysis 
(Figure 2-2) which demonstrated a numerical dominance of gammaproteobacterial pmoA, 
including those of Methylomonas. Combined sequencing and qPCR data suggested that the 
MOB supplied organic carbon to other members of the interactome, supporting the entire 
interactome in a 1:3 ratio (MOB:non-MOB) after prolonged non-aseptic enrichment. pmoA 
gene copies targeted by the MBAC qPCR assay increased exponentially during the 
incubation, while others (targeted by the TYPEII and MCOC assays) remained unchanged 
(Figure 2-2), suggesting an enrichment of MOB belonging to the type Ia subgroup and as 
indicated by the sequencing data, these were likely Methylomonas spp. In particular, MOB 
represented by the MCOC assay were detected in relatively low stable numbers in the 
12
CH4 
and 
13
C incubations, indicating the type Ib subgroup population only had a limited activity in 
the methanotrophic interactome. 
 
Figure 2-2. qPCR profile of the 
12
CH4 and 
13
CH4 incubations. Log10 pmoA copy numbers for 
the qPCR assays as described in materials & methods (MBAC, MCOC and TypeII) are shown 
with the respective standard deviations (n=2) at each time point. In the case of the MCOC 
assay sometimes no standard deviation could be reported as one of the duplicates failed. (A) 
qPCR profile of the “light” incubation. (B) qPCR profile of the “heavy”incubation. 
The identification of all active partners, especially partners most intricately associated with 
the MOB, is essential to elucidate causal (trophic) relationships in the methanotrophic 
interactome. Thus, 
13
C-CH4 labeling coupled to high-throughput sequencing was applied to 
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identify key interacting partners by following the methane-carbon derived community 
composition over a high-resolution time course of 60 hours. During the experiment, the 
methane oxidation rate determined from the 
12
CH4 and 
13
CH4 incubations was comparable 
and averaged on 12.70 ± 3.31 mmol CH4 oxidized per liter of culture per day (Figure 2-3). 
 
 
Figure 2-3. CH4 removal profile during incubation. At each time point an individual bottle’s 
headspace was assessed and then sacrificial sampling was done to retrieve DNA. Given the 
comparable pressure of the headspace at t = 0h for 
13
CH4 as compared to the other bottles, 
likely the amount of CH4 in the headspace was not as high as depicted but a measurement 
error on the GC. 
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Figure 2-4. Community structure overview. iTOL visualization of a RaXML extended majority rule 
consensus phylogenetic tree (GTR+GAMMA, 1000 bootstrap iterations) with log base 10 scaled 
sequence counts, highlighted with a separate color per sampling point. A fully interactive, zoomable, 
tree can be found on: http://itol.embl.de/shared/FM_Kerckhof. 
3.2. Community structure dynamics and the selection of sampling points 
To follow carbon fluxes in the methane-driven interactome from the MOB (Methylomonas) to 
the non-MOB microbes that were most closely associated with it, sampling for SIP was done 
at fairly short time intervals after the start of the experiment (i.e. at 5, 24, 32 and 60 hours – 
compared to the sampling times in Table 2-1). An initial screening to determine when 
microbial community shifts occurred in the heavy fraction’s 16S rRNA gene fingerprint was 
Chapter 2 
 50 
C
H
A
P
T
E
R
 2
 
performed using DGGE (Figure 2-5) by calculating two ecological indices for the heavy and 
light fractions at each time point.  
 
Figure 2-5. DGGE profiles of the SIP fractions. Each fraction is indicated according to its position 
in the 
12
C or 
13
C gradient. Green boxes indicate samples that were acquired for 454 pyrosequencing. 
Some specific bandclasses that are popping up or disappearing from the 
13
C fractions (and that were 
used to select the 454 samples) are indicated using horizontal lines. 
Firstly, the Gini coefficient (Marzorati, Wittebolle et al. 2008) was calculated as a measure 
for community evenness. Next, as a measure of community richness, we used the observed 
richness (Sobs) as determined by the band counts of our assigned band classes. As expected for 
a long-term enrichment, both community evenness and richness remained relatively stable (±1 
observed richness, ±0.01 Gini) over the duration of the experiment for the light fraction, 
although an increasing trend in richness could be observed towards the end of the experiment 
(Figure 2-6B). For the heavy fraction, the evenness was relatively stable until 24h although 
the richness steadily increased before leveling off at 60h (Figure 2-6B), indicating that the 
active community was diversifying by inclusion of yet non-abundant primary consumers. 
From 32h onwards, all primary and secondary consumers of the methane-driven community 
became active and increased in abundance, resulting in a steep increase in evenness 
coinciding with an increase in richness and subsequent stabilization. Taken together, sampling 
at 24h and 60h was highly relevant given the dynamic community shifts, with the community 
diversity increasing over time in the heavy fraction. While numerous studies considered a 
snapshot of the active MOB community revealed by DNA-SIP, few studies followed the 
dynamics of the active microbial community over time with a time resolution as narrow as 
performed here (Table 2-1). A notable exception was the 
13
CH4 time-course SIP experiment 
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from Lake Stechlin sediment where sampling for RNA and DNA was performed daily for 4 
days (Dumont, Pommerenke et al. 2011), however the main focus of this research was to 
identify the active MOB community. Likewise Redmond, Valentine et al. (2010) used DNA-
SIP after 72h to identify novel methane oxidizing bacteria (among others) in a marine 
hydrocarbon seep. 
 
Figure 2-6. MRM parameters (Marzorati, Wittebolle et al. 2008) for SIP fractions. (A) Gini 
coefficient for DGGE band patterns of each of the SIP fractions (summarized in heavy and 
light fractions, Figure 2-5). A Gini coefficient of 1 represents a completely uneven community. 
Lower coefficients represent higher evenness. (B) Average observed richness (Sobs, band 
count) of the fractions. 
3.3. Non-MOB partners intricately associated with the methanotrophic 
interactome. 
Based on the community structure metrics (Figure 2-6), time points at 24h and 60h were 
chosen to identify key primary and secondary consumers via 16S rRNA amplicon sequencing. 
The resulting OTU table was subjected to a Dufrêne-Legendre indicator species analysis 
(Dufrêne and Legendre 1997). The indicator value was maximal when an OTU was solely 
abundant within either the “heavy” or “light” fractions, and at the same time occurred in all 
fractions that were considered either “heavy” or “light”. Hence indicative OTUs (indicative to 
a specific fraction at a specific time-point as a “virtual ecosystem”) are not necessarily the 
overall most abundant OTUs, allowing indicator species analysis to circumvent possible 
lower incorporation of 
13
C labels due to slower growth or indirect trophic interactions 
(Wintzingerode, Göbel et al. 1997). As expected (Figure 2-4), OTU 29 (Methylomonas sp.) 
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was found to be an indicator type (p<0.1) of the “virtual ecosystem” consisting of the active 
methanotrophic interactome (“heavy” fraction) during the initial 24 hours of incubation 
(Figure 2-7), confirming that Methylomonas spp. were indeed the MOB driving the methane-
fueled community. Since substrate was always available in excess during incubation, the 
predominance of a Methylomonas sp. indicates that the MOB capitalized on the optimum 
incubation conditions, consistent with its predicted life strategy (Ho, Kerckhof et al. 2013). 
Other indicative microorganisms in the heavy fraction at 24h were all classified as 
Methylotenera mobilis (Kalyuzhnaya, Bowerman et al. 2006) (Figure 2-4, Figure 2-7). Given 
the fast (24h) incorporation in their DNA, which requires cell growth, and their described 
physiology as methylotrophs rather than methanotrophs, we can assume that these OTUs are 
representatives of primary consumers of 
13
CH4 derived carbon and hence closely interacting 
partners of the MOB in our system (Methylomonas spp.). Indeed, Methylotenera spp. are 
members of the Methylophilaceae, a betaproteobacterial family known to be involved in C1 
metabolism (Doronina, Kaparullina et al. 2014) with many inferred partnerships with MOB 
((Beck, McTaggart et al. 2014; Kerckhof, Courtens et al. 2014) and Figure 1-8). More 
specifically, the association of Methylophilaceae with the family Methylococcaceae 
(including the genus Methylomonas) has already been demonstrated by Beck and colleagues 
for lake Washington sediments under different oxygen and nitrogen conditions (Beck, 
Kalyuzhnaya et al. 2013) for a longer incubation time (10 to 30 days) with Methylobacter 
spp. as the dominant MOB. Also, re-blasting of unclassified betaproteobacterial clones 
mv13.2 and mv13.9 that were shown to be associated with 
13
CH4 fractions from Movile cave 
(Hutchens, Radajewski et al. 2004) showed close association with more recent NCBI 
refseq_rna database entries of Methylotenera sp. and the family Methylophilaceae (last 
accessed December 30
th
, 2015), which was congruent with later non-
13
CH4-SIP clone libraries 
picking up multiple clones identified as Methylophilaceae (Chen, Wu et al. 2009). In the 
Movile Cave ecosystem the most dominant MOB were also found to belong to the 
Methylococcaceae. Furthermore, He, Wooller et al. (2012) showed that there is a linear 
relationship between methylotrophs (mainly Methylophilus spp.) and methanotrophs (mainly 
Methylobacter and Methylosoma) in arctic lake sediments. Metabolic flexibility in the family 
Methylophilaceae (Lapidus, Clum et al. 2011) could promote co-habitation with methane-
oxidizing Methylococcaceae without direct competition effects, and even support 
development of a beneficial partnership. Although the methylotrophic alphaproteobacterial 
genus Hyphomicrobium has repeatedly been found to co-occur with MOB (Figure 1-8), none 
of our OTUs could be classified as such. This may indicate a selectivity of Methylomonas 
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spp. towards Methylophilaceae or could be related to the specific growth conditions of our 
experiment. 
 
Figure 2-7. Dufrêne-Legendre indicator species analysis. The relative amount of indicator OTUs 
classified with a given taxonomy at 24h and 60h of incubation (represented by the surface area). At 
24h a cutoff indicator value of 0.1 was set and at 60h a cutoff indicator value of 0.6 was used. A total 
of 10000 random iterations were employed on a randomly subsampled (rarefied) dataset to the 
fraction with the least amount of reads. Methylotrophic taxa are bold faced. *: p<0.1, **: p<0.3, ***: 
taxon unique to 60h.”Unclassified” indicates the indicative OTUs could not be classified deeper than 
the represented taxonomy. 
After 60 h of incubation the taxonomic diversity of indicator OTUs increased compared to 
24h (Figure 2-4 and Figure 2-7), with many representatives of the phyla Betaproteobacteria 
and Bacteroidetes. The difference between indicative OTUs at 24h and 60h suggests rapid 
community dynamics of the methanotrophic interactome. Organisms unique to the time point 
60h or enriched at 60h (for instance, the bona fide methylotroph Methylotenera spp.) were 
considered as secondary consumers. These secondary consumers (Figure 2-1) either thrive on 
dead biomass from the primary producers and primary consumers (necrotrophy) or consume 
secondary and more complex metabolites of the carbon assimilation pathways of the primary 
producers and consumers (syntrophy). Since different OTUs are associated with the 
Methylotenera spp. at 60 h as compared to 24h, the methylotrophic genus Methylotenera 
probably acted both as a primary and secondary consumer, evidencing possible intra-generic 
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niche differentiation (Lapidus, Clum et al. 2011; Hoefman, van der Ha et al. 2014). However, 
kinetics for assimilation of C1 derived carbon (such as methanol) or complex metabolites 
originating from MOB cell growth or decay (lysis) by Methylotenera spp. could differ 
substantially, which would bring the indicative OTUs at 60h under the denominator of 
“primary consumers” (Wilkinson, Topiwala et al. 1974). Next to indicative OTUs classified 
as Methylotenera spp., three other taxonomic groups were more representative than others for 
the indicative OTUs at 60h. Among those are OTUs associated with the genera 
Flavobacterium and Hydrogenophaga as well as the family Chitinophagaceae. 
Flavobacteriaceae are known to cross-feed labeled carbon in SIP experiments (4% of all 
reported interactions in Figure 1-8). The mode of interaction of Flavobacteriaceae with MOB 
is not conclusively elucidated: on the one hand Wilkinson, Topiwala et al. (1974) suggested 
that they remove more complex metabolites resulting from growth or lysis of the MOB, on 
the other hand (facultative) methylotrophic members of the genus Flavobacterium have been 
reported (Moosvi, McDonald et al. 2005; Madhaiyan, Poonguzhali et al. 2010). 
Hydrogenophaga spp. are not commonly involved with methanotrophic interactomes (Figure 
1-8) but could perform methylotrophic metabolism (Eyice and Schäfer 2016). Finally, while 
Chitinophagaceae have been reported sporadically as 
13
CH4-derived carbon assimilators 
(1.5%, Figure 1-8), no evidence for a methylotrophic lifestyle could be found within this 
family. We also identified one OTU as Rhizobium spp. A previous study documented a close 
association of MOB and members of Rhizobium spp., where the MOB supplied the methane-
derived carbon but benefited from the seemingly mutualistic interaction with the Rhizobium 
spp. which, in return, supplied the MOB with cobalamin and other, unidentified, growth 
factors (Iguchi, Yurimoto et al. 2011). However, our indicator analysis did not show this 
OTU to be highly indicative to the 60h time point (Figure 2-7). Typical bacterial predators 
known to selectively graze on MOB are members of Bdellovibrio sp. (Morris, Radajewski et 
al. 2002; Hutchens, Radajewski et al. 2004; Murase and Frenzel 2007) but none of our OTUs 
were classified within this genus. Only OTU110 classified as Vampirovibrio sp., a non-
photosynthetic Cyanobacterial obligate predatory bacterium (Soo, Woodcroft et al. 2015) 
with the microalgae Chlorella vulgaris as a sole prey has been identified in our study. 
However, the very low abundance (3 reads or 0.075%) of this OTU suggest that 
Vampirovibrio spp. were not likely to be involved in the consumption of labeled methane for 
the investigated timescale. Nonetheless, at a longer timescale, reclassification of clone 
libraries of the heavy fraction of old-nodal rice roots (Qiu, Conrad et al. 2009) and a methane-
dependent denitrification enrichment from activated sludge (Osaka, Ebie et al. 2008) also 
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showed clones related to this Vampirovibrio sp. (clones O0h-89 and R1.13-27,R4.13-47), 
indicating that this community partner could be involved in assimilating 
13
CH4 derived 
carbon. 
3.4. Primary consumers, secondary consumers and the possible mode of 
interaction in the methanotrophic interactome 
Although we did not determine the mode of trophic interaction between MOB and their 
partners, MOB are known to supply their partners with several forms of C1 compounds 
(Hanson and Hanson 1996; Costa, Dijkema et al. 2000; Bussmann, Rahalkar et al. 2006). A 
less-straightforward source of CH4-derived carbon could reside in EPS (Wilshusen, 
Hettiaratchi et al. 2004), and Methylococcaceae (including Methylomonas spp.) have been 
reported to have a particularly high production rate of EPS (Malashenko, Pirog et al. 2001). 
Therefore, we hypothesize that the primary heterotrophic partners (Figure 2-1) are bona fide 
methylotrophs (Lidstrom 2006) capable of assimilating the readily-available C1 compounds 
that are released by the MOB promptly upon methane oxidation while the “secondary” 
partners are metabolically or kinetically less capable of metabolizing these C1 compounds. 
Hence, the secondary consumers have to rely on either the EPS from the MOB (in which case 
they can be considered primary partners), more complex metabolites from the primary 
partners or cell-lysis products of either (in which case they can be considered secondary 
partners). However, we acknowledge that our definition of primary and secondary consumers 
(Figure 2-1) is arbitrary as lower growth rate may just as well make actual primary consumers 
of the methane derived carbon only appear at 60h. Alternatively, affinity for compounds 
released by the MOB may be a determining factor to discriminate “primary” from 
“secondary” consumers. In the case of methanol it is possible that as the culture became more 
oxygen limited during growth (dissolved oxygen concentrations went as low as 65 µmol L
-1
, 
which could be limiting depending upon the MOB strain), more methanol accumulated 
(Harwood and Pirt 1972) enabling methylotrophs with higher Km values to grow which leads 
to an increase in the diversity of the heterotrophic partners. The indicator species analysis 
(Figure 2-7) indeed demonstrated that obligate or restricted facultative methylotrophs 
(Lidstrom (2006), further referred to as restricted methylotrophs) are distinctive to the heavy 
fraction at 24h while taxa known to harbor facultative methylotrophs (Pseudomonas, 
Flavobacterium, Hydrogenophaga and Rhodococcus) as well as non-methylotrophic taxa 
appear to be more indicative to the “heavy” fraction at 60h. As discussed above, presence of 
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facultative methylotrophs at 60h could be linked to either growth kinetics or affinity for C1 
substrates, which may render these organisms less competitive as opposed to restricted 
methylotrophs for the same C1 carbon sources. Alternatively, the non-methylotrophic taxa 
indicative to 60h could point out that 
13
C2-
13
C(n) compounds were used as carbon source for 
the secondary consumers, implicating metabolic divergence between primary and secondary 
consumers of the methane derived carbon. Nevertheless, care should be taken when declaring 
a certain taxon is non-methylotrophic as facultative methylotrophy is probably 
phylogenetically more diverse than currently known, and may be subject to horizontal gene 
transfer (Boden, Thomas et al. 2008; Chistoserdova 2011; Hung, Wade et al. 2011). In 
summary, the distinction between primary and secondary consumers of methane-derived 
carbon is likely an interplay between metabolic capabilities and kinetics leading to niche 
differentiation of partners involved in the methanotrophic interactome. 
4. Conclusion and perspectives 
In this study, we have employed a relatively fine time-scale resolution to identify the most 
intricate partnerships between aerobic methanotrophic bacteria (MOB) as primary producers 
and other bacteria as primary and secondary consumers of methane derived carbon using 
stable isotope probing. Methylomonas was the driver of the methane-based food web and, as 
anticipated, the primary consumers belonged to the family Methylophilaceae, indicating C1-
driven growth is responsible for restricted trophic relationships and thereby, re-affirming 
previously reported close interactions between Methylococcaceae and Methylophilaceae. As 
the incubation with the isotopically labeled methane progressed, the C1-derived interactome 
became more diverse indicating more promiscuous secondary consumer partnerships. This 
research could serve as a first step of a mechanistic understanding of these partnerships and 
their genetic background potentially leading to a better microbial resource management of 
methanotrophic interactomes for biotechnological applications such as micropollutant 
degradation (Benner, De Smet et al. 2015) or methane mitigation and extending concrete life 
(Ganendra, De Muynck et al. 2014; Ganendra, Mercado-Garcia et al. 2015). Alternatively, 
this understanding could help in the design of synthetic ecology experiments for in vitro 
validation of methanotrophic partnerships (Chapter 7), which could lead to biotechnological 
applications such as single-cell protein production. In this case, high-throughput isolation by 
miniaturized extinction culturing (Hoefman, van der Ha et al. 2012) could precede a large-
scale combinatorial setup such as previously performed by Stock, Hoefman et al. (2013) but 
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with a combination of presumed primary and secondary partners (Namsaraev and Zavarzin 
1972). 
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CHAPTER 
  3
OPTIMAL PARTNERSHIPS IN THE METHANOTROPHIC 
INTERACTOME: SUPERVISED SELECTION 
 
Abstract 
Methane oxidizing bacteria (MOB) are a unique bacterial clade with the distinctive capacity 
to use methane (CH4) as their sole carbon and energy source. During isolation of MOB, often 
non-MOB partner strains co-purify and accumulating evidence of the importance and 
specificity of interactions between MOB and non-MOB partners attributes to the belief that a 
methanotrophic interactome rather than axenic MOB are performing the biological oxidation 
of CH4 in natural systems. We hypothesized that specific non-MOB partners are preferred by 
the MOB and may stimulate MOB growth and activity. This hypothesis was assessed by 
making 1:1 combinations of two MOB types with 38 non-MOB (i.e. 76 1:1 interactomes). 
Additionally, we hypothesized that this specificity is an “acquired taste” which allows for 
adaptation of the MOB and non-MOB partner. To address this hypothesis, we combined both 
MOB types with a fixed partner which was found to be moderately compatible during the 
assessment of the first hypothesis and co-cultivated it for multiple cycles. In each cycle the 
partnership was challenged by variable partners with differing 1:1 compatibility with the 
MOB and the resulting functionality (CH4 oxidation rate, MOR) and numerical composition 
of the 1:1:1 interactomes were assessed. We found that indeed MOB were able to sustain 
different non-MOB partners to a specific extent, confirming the first hypothesis. Overall, an 
alphaproteobacterial MOB had a greater positive effect on its non-MOB partners which in 
turn had a greater stimulatory effect for the MOB as compared to a gammaproteobacterial 
MOB. In contrast to the second hypothesis, adaptation did not have a clear effect on MOR. 
Only limited adaption was observed for the fixed partner with the alphaproteobacterial MOB. 
This was reflected by the abundance of the fixed partner in the resulting interactomes, 
showing that only in very few cases the fixed partner could persist, regardless of the presence 
of variable partners with different initial compatibility. Overall, the alpha- and 
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gammaproteobacterial MOB differentially impacted the non-MOB partners and it became 
clear that the initial compatibility classes observed from a single cycle 1:1 interactome could 
not be extrapolated to repeated cycles of co-cultivation. 
 
Chapter redrafted after:  
Invading the methanotrophic interactome: partner selection regardless of initial compatibility. 
Kerckhof F.-M., Lacoere, T., Ho, A., Vilchez-Vargas, R., Heylen, K., Boon, N. In 
preparation. 
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1. Introduction 
Methane oxidizing bacteria (MOB) are a unique bacterial clade with the distinctive capacity 
to use methane (CH4) as their sole carbon and energy source (Hanson and Hanson 1996). 
While many MOB have been isolated and brought into axenic culture, metagenomic evidence 
suggests that many uncultured MOB are still present in the environment (Knief 2015). 
Additionally, during isolation of MOB, often non-MOB partner strains co-purify thwarting 
axenic cultivation of the MOB (Dedysh, Kulichevskaya et al. 2012; Takeuchi, Kamagata et 
al. 2014). This and other accumulating evidence (Stock, Hoefman et al. 2013; Ho, de Roy et 
al. 2014) of the importance and specificity of interactions between MOB and non-MOB 
partners attributes to the belief that a methanotrophic interactome rather than axenic MOB are 
performing the biological oxidation of CH4 in natural systems (Oshkin, Beck et al. 2015).  
Given the importance of CH4 as a greenhouse gas (Nisbet, Dlugokencky et al. 2014), a 
thorough understanding of the mechanisms for its biological oxidation is becoming 
increasingly relevant. Furthermore, the methanotrophic interactome is an excellent model 
system to study bacterial interaction and adaptation: the interaction between MOB and non-
MOB partners is believed to be a “facultative” mutualistic one where the non-MOB cross-
feed on CH4-C by scavenging metabolites and thereby relieving the MOB of inhibitory 
intermediate metabolites of CH4 metabolism (Megraw and Knowles 1989; Hanson and 
Hanson 1996; Modin, Fukushi et al. 2010; Iguchi, Yurimoto et al. 2015). Some reports 
additionally show a mutually beneficial exchange of metabolites between the MOB and non-
MOB (Lamb and Garver 1980; Iguchi, Yurimoto et al. 2011). Furthermore, MOB are known 
to exude secondary metabolites under certain conditions (e.g. sucrose, ectoine; Khmelenina, 
Rozova et al. (2015)) and methanobactin (Kim, Graham et al. 2004)) and produce 
extracellular polymeric substances (Wilshusen, Hettiaratchi et al. 2004). On the other hand, 
competition for oxygen or nitrogen sources may occur between the interactome partners 
(Hernandez, Beck et al. 2015). Additionally, parasitic or necrotrophic interactions have also 
been reported (Linton and Buckee 1977; Murase and Frenzel 2008). Conversely, our group 
previously reported specific associations in a co-cultivation experiment with 9 MOB and 25 
non-MOB based upon the total biomass (measured as absorbance at 600 nm, OD600) of 1:1 
combinations relative to axenic MOB growth (Stock, Hoefman et al. 2013). Therefore, two 
hypotheses were assessed in this chapter. First, the hypothesis that specific non-MOB partners 
are preferred by the MOB (Hypothesis 1) and may stimulate MOB growth and activity was 
investigated. This hypothesis was assessed by making 1:1 combinations of two MOB types 
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with 38 non-MOB (i.e. 76 1:1 interactomes) and quantifying the abundance of both partners 
after 1 cycle of co-cultivation. Next, the hypothesis that this specificity is an “acquired taste” 
which allows for adaptation and co-evolution of the MOB and non-MOB partner was 
investigated (Hypothesis 2). To address this hypothesis, both MOB types were combined with 
a fixed partner which was found to be moderately compatible during the assessment of the 
first hypothesis and co-cultivated it for multiple cycles. In each cycle the partnership was 
challenged by variable partners with differing 1:1 compatibility with the MOB and the 
resulting functionality (CH4 oxidation rate, MOR) and numerical composition of the 1:1:1 
interactomes were assessed. 
2. Material and methods 
2.1. Bacterial strains, growth conditions and experimental design 
A total of 38 non-MOB strains (Table 3-1) were co-cultivated with both an 
alphaproteobacterial (LMG 26262, Methylosinus sp.) and gammaproteobacterial (NCIMB 
111130
T
, Methylomonas methanica) MOB. All non-MOB strains were pre-cultivated as 
described previously (Stock, Hoefman et al. 2013), and were selected based upon the 
availability of their full genomes (for strains with publicly available genomes) as well as their 
distinct colors on CR2 medium for the Leipz 1-5 strains or good preliminary results of co-
cultivations for batch incubations with Arthro. Briefly, after resuscitation from -80°C stocks, 
non-MOB strains were cultivated on nutrient agar (NA; Oxoid, UK) at 28°C for 24 hours 
except for Rhodobacter sphaeroides LMG 2827
T
, which was pre-cultivated on tryptone soy 
agar (TSA; CM0131, Oxoid, UK) at 28°C for 48 hours (in the dark) and strains Leipz1 up to 
Leipz5 (Saleem, Fetzer et al. 2012) which were pre-cultivated on Brunner CR-2 medium 
(Saleem, Fetzer et al. 2012). After pre-cultivation, a single colony was picked and transferred 
at least once to a fresh plate with the respective agar before use in the experiment. Purity was 
assessed using partial 16S rRNA gene sequencing (primers 63F-1378R). MOB strains were 
pre-cultivated in 0.22 µm sterile filtered liquid nitrate mineral salts medium (NMS, Bowman 
(2006)) with Cu
2+
 adjusted to 10 µM. MOB pre-cultivation was performed at 28°C on a rotary 
shaker in 120 mL opaque serum bottles with a working volume of 20 mL. The serum bottles 
were sealed air-tight with opaque rubber stoppers after which 20 mL 0,22 µm sterile filtered 
CH4 (Linde Gas, HiQ 4.5) was added, leading up to a final headspace concentration of 20% 
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(v/v) CH4 in air. Purity of the MOB was checked using regular plating on 10% TSA as well as 
partial 16S rRNA gene sequencing (primers 63F-1378R).  
 
Table 3-1.Strains used and their taxonomic class. If the genus contains a described methylotroph 
(Lidstrom 2006; Boden, Thomas et al. 2008; Kolb 2009; Hung, Wade et al. 2011) it was reported. A 
distinction between obligate (facultative restricted) and facultative methylotrophs was made 
(Chistoserdova 2011). When possible the GOLD project ID (gold.jgi.doe.gov) is reported. Superscript 
T in the strain/coding column indicates the strain is the type strain of the species. 
Strain / 
coding 
Species Class Known 
methylotrophs 
in genus? 
Genome 
availability 
LMG 1025 Acinetobacter baumannii Gammaproteobacteria facultative Gp0000191 
LMG 
2844T 
Aeromonas hydrophila 
subsp. Hydrophila 
Gammaproteobacteria no Gp0000262 
LMG 
2134T 
Ochrobactrum anthropi Alphaproteobacteria no Gp0000090 
LMG 
1267T 
Chromobacterium 
violaceum 
Betaproteobacteria no Gp0000613 
LMG 1201 Cupriavidus necator Betaproteobacteria facultative Gp0000312 
LMG 
7866T 
Escherichia fergusonii Gammaproteobacteria no Gp0001407 
Artrhro Arthrobacter sp.  Actinobacteria facultative In-house 
R-23894 Escherichia coli Gammaproteobacteria no Gp0001423 
LMG 
2827T 
Rhodobacter sphaeroides Alphaproteobacteria facultative Gp0000309 
Leipz1 Williamsia sp.  Actinobacteria no In-house 
Leipz2 Rhodococcus sp. Actinobacteria facultative In-house 
Leipz3 Micrococcus sp. Actinobacteria facultative In-house 
Leipz4 Janthinobacterium sp. Betaproteobacteria no In-house 
Leipz5 Agrobacterium sp. Alphaproteobacteria no In-house 
R-23891 Escherichia coli Gammaproteobacteria no Gp0000745 
R-23892 Escherichia coli Gammaproteobacteria no Gp0000785 
R-23895 Escherichia coli Gammaproteobacteria no Gp0000663 
LMG 1197 Cupriavidus pinatubonensis Betaproteobacteria facultative Gp0000452 
LMG 
21445T 
Burkholderia phymatum Betaproteobacteria facultative Gp0002243 
LMG 
1195T 
Cupriavidus metallidurans Betaproteobacteria facultative Gp0000357 
LMG 
22485T 
Burkholderia lata Betaproteobacteria facultative Gp0000435 
LMG 
20219T 
Burkholderia thailandensis Betaproteobacteria facultative Gp0000407 
LMG 287 Rhizobium radiobacter Alphaproteobacteria no Gp0000707 
LMG Sphingomonas Alphaproteobacteria facultative Gp0000387 
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Strain / 
coding 
Species Class Known 
methylotrophs 
in genus? 
Genome 
availability 
18303T aromaticivorans 
LMG 
22486 
Burkholderia vietnamiensis Betaproteobacteria facultative Gp0000181 
LMG 
19005T 
Shewanella oneidensis Gammaproteobacteria no Gp0000671 
LMG 
17588 
Burkholderia multivorans Betaproteobacteria facultative Gp0002242 
R-17801 Pseudomonas putida Gammaproteobacteria facultative Gp0000665 
R-23900 Pseudomonas syringae Gammaproteobacteria facultative Gp0000618 
R-23899 Pseudomonas syringae 
subsp. syringae 
Gammaproteobacteria facultative Gp0000484 
R-23897 Pseudomonas fluorescens Gammaproteobacteria facultative Gp0000479 
R-23898 Pseudomonas fluorescens Gammaproteobacteria facultative Gp0000439 
LMG 
22487T 
Burkholderia phytofirmans Betaproteobacteria facultative Gp0002244 
LMG 
24309 
Burkholderia ambifaria Betaproteobacteria facultative Gp0002240 
LMG 
24507 
Burkholderia cenocepacia Betaproteobacteria facultative Gp0000271 
LMG 
24210 
Pseudomonas putida Gammaproteobacteria facultative Gp0000136 
LMG 
12228 
Pseudomonas aeruginosa Gammaproteobacteria facultative Gp0000751 
LMG 
19847T 
Brachybacterium faecium Actinobacteria no Gp0001925 
LMG 
26262 (L) 
Methylosinus sp. Alphaproteobacteria Obligate, MOB In-house 
NCIMB 
11130T (R) 
Methylomonas methanica Gammaproteobacteria Obligate, MOB In-house 
 
Subsequently, the experiment was run in two phases (Figure 3-1): in a first phase a 
compatibility of each non-MOB partner with each MOB was established (76 combinations). 
After ranking (see section 2.3 of this chapter), initial compatibility was subdivided in three 
compatibility classes: lowly, moderately and highly compatible non-MOB partners were 
distinguished. For the second phase, a fixed partner was selected from the moderately 
compatible partners (of both MOB), with additional consideration for the total interactome 
biomass increase (measured as OD600) and effect on MOB abundance. Two variable partners 
were selected from each of the compatibility classes. The fixed partner was then co-cultivated 
for multiple cycles with the MOB, and in each cycle this 1:1 interactome was challenged with 
each of the variable partners separately (Figure 3-1). 
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As an inoculum for Phase 1, MOB and non-MOB were combined (in duplicate) into 1:1 
interactomes as described previously (Stock, Hoefman et al. 2013). Briefly, colonies were 
suspended in liquid NMS to a final absorbance of 0.005 at 600 nm (OD600) and then 
combined in liquid NMS in a sterile 96-well microtiter plate (200 µL, final working volume). 
Subsequently, plates were incubated at 28°C for approximately 7 days in airtight jars with a 
1:1 CH4:air atmosphere. Un-inoculated control wells were used to correct for possible 
changes in OD600 due to changes or evaporation of the NMS medium. A control plate was 
included in the same jar with wells inoculated only with MOB or non-MOB partners (each 
well only containing a single strain, unreplicated). 
 
Figure 3-1. Overview of experimental design. C0 – C3 correspond to repeated cycles of co-
cultivation. VH1,VH2 refer to highly compatible variable partners 1 and 2. VM1, VM2 refer to 
moderately compatible partners while VL1 and VL2 refer to lowly compatible partners. In Phase I 
either the fixed partner or the variable partners were co-cultivated with the MOB. 
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In the second phase the selected fixed and variable partners (see section 3 of this chapter), 
were co-cultivated in 20 mL NMS medium (with copper) (Whittenbury, Phillips et al. 1970; 
Bowman 2006) in 120 mL opaque serum bottles closed air-tight with grey butyl rubber 
stoppers. The bottles were incubated on a rotary shaker (120 rpm) at 28 °C. At the start of 
each cycle of 6 to 7 days, the headspace of the serum bottles contained 20% (v/v) of CH4 
(Linde Gas, HiQ 4.5) in air. If during incubation headspace oxygen concentrations dropped 
below 2% (v/v), additionally 20mL of O2 was injected into the headspace, to avoid O2 
limitation of the co-culture. At the end of each cycle the bottles were opened under laminar 
flow and the liquid medium was transferred to sterile 50 mL falcon tubes. 2 mL was 
centrifuged at 18000 g for 15 minutes (at 4°C) and, after removal of supernatant, the pellets 
were stored at -20°C until DNA extraction. The rest of the culture broth with the MOB and 
the fixed partner or the MOB culture as such was diluted with NMS medium to OD600 0.005 
in great enough volumes for triplicate co-cultivation with each of the variable partners 
(MOB+Fix+Var) and duplicate co-cultivation without the variable partners (MOB+Fix and 
MOB). 
2.2. Analytical methods 
During Phase 2 (Figure 3-1), headspace gas and pressure were sampled daily or every other 
day. The headspace gas composition (CH4, O2, CO2) was determined using a Compact GC
®
 
(Global Analyser Solutions, the Netherlands) equipped with a PoraBOND Q pre-column 
(Agilent, USA), a Molsieve 5A column and a thermal conductivity detector. The system was 
controlled by EZChrom Elite software (Agilent, USA). The methane oxidation rate (MOR) 
was calculated by means of linear regression of the methane removal profile. 
Optical density at 600 nm for phase 1 and 2 were measured using a Tecan Infinite M200 pro 
(Tecan, Austria), with correction for the lid of the microtiter plate.  
2.3. DNA extraction, primer design, qPCR and data analyses 
DNA was extracted from the whole content of a well (200 µL) from Phase 1 or the pellet of 2 
mL of culture from Phase 2 using a FastPrep mechanical bead-beating protocol combined 
with phenol/chloroform extraction as described before (Vilchez‐Vargas, Geffers et al. 
2013). To track the individual constituents of the interactome specific qPCR primers were 
designed for the pmoA gene of the MOB and the 16S rRNA gene of the fixed partner (Table 
3-2). The amount of variable partner in Phase 2 was calculated by subtracting a copy-number 
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corrected count of the MOB and fixed partner copies of a total count of eubacterial 16S rRNA 
gene copies. Primer design was performed using ARB (version 6.0.3, Ludwig, Strunk et al. 
(2004) in conjunction with Primer3Plus (Untergasser, Nijveen et al. 2007) and BioEdit. 
Primer specificity for the fixed partner was assessed using Primer-Blast 
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/, Ye, Coulouris et al. (2012)) against the 
selected variable partners and using SILVA TestPrime (http://www.arb-
silva.de/search/testprime/, Klindworth, Pruesse et al. (2013)) and RDP ProbeMatch 
(http://rdp.cme.msu.edu/probematch/search.jsp, Cole, Wang et al. (2009)) against the whole 
16S rRNA gene databases. 
Table 3-2. Overview of primers used in this work. When possible, probeBase 
(http://probebase.csb.univie.ac.at/) accession numbers were reported. 
Primer set 
name 
(reference) 
Oligo name 
(probeBase 
accession) 
Oligo sequences (5’ to 3’) Target/Use 
Tim-typeII 
(this work) 
317F AGTGGATCAACCGCTACGTGAACT LMG 26262 
specific pmoA 
gene qPCR 
610R TCGAGGTGCGGACGAAGTGGA 
Tim-
methylohigh 
(this work) 
319F AGTGGATYAACCGTTAYATGAACT NCIMB 11130
T
 
specific pmoA 
gene qPCR 
520R ACHGGCCAGTTRCCTGGGTAGA 
ArthroTim 
(this work) 
190F TGACTCCTCATCGCATGGT Fixed partner 
Arthrobacter sp. 
Specific qPCR 
346R TGGCCGGTCACCCTTTCA 
16S V3 
(Ovreas, 
Forney et al. 
1997) 
(P)338f  
(pB-3826) 
ACTCCTACGGGAGGCAGCAG General bacterial 
16S qPCR 
(P)518r  
(pB-3827) 
ATTACCGCGGCTGCTGG 
16S V1-V6 
(El 
Fantroussi, 
Verschuere 
et al. 1999) 
 
(P)63f  
(pB-3825) 
CAGGCCTAACACATGCAAGTC Partial 16S 
sequencing primer 
for Sanger 
sequencing 
1378R CGGTGTGTACAAGGCCCGGGAACG 
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The PCR and qPCR thermal profiles are listed below. Annealing temperatures were optimized 
using thermal gradients and amplicon quality control on agarose gel.  
Real-time PCR (qPCR) was performed on a StepOnePlus™ Real-Time PCR System (Applied 
Biosystems, Carlsbad, CA). Duplicate (Phase 1) and triplicate (Phase 2) samples of a 10-fold 
dilution of the DNA-samples were analyzed for the targets listed in Table 3-2. 
The reaction mixture of 25 µL was prepared by means of the Fermentas Master Mix (Thermo 
Scientific) and consisted of 4.8 µL of Fermentas Master Mix, 14.1875 µL of nuclease-free 
water and 0.5 µL of each primer (final concentration of 200 nM), 0.125µL of SYBR green 1 
diluted in DMSO (20X) and 5µL of template DNA. The qPCR program was performed in a 
two-step thermal cycling procedure which consists of a pre-denaturation step for 4 min at 
95°C, followed by 40 cycles of 1 min at 94.0 °C, 40 s of annealing at 56.0 °C (which was 
determined as the optimal annealing temperature for each primer set) and 40 s of extension at 
72°C with acquisition during the extension stage. Melting curves were performed 
subsequently with a stepwise increase of 0.3°C from 60°C to 95°C, as a quality control. The 
efficiencies and R² values are reported in Table 3-3. 
Table 3-3. qPCR efficiencies and R² values. 
a 
The limit of quantification was determined based upon 
the difference between the lowest point of the standard curve and negative control reactions with 
additional inspection of the melting curves.
 
Primer set Efficiency R² Estimated LOQ
a 
 
(gene counts/mL) 
Tim-typeII 103.63±3.89% 0.992±0.010 335 
Tim-methylohigh 127.76±2.89% 0.946±0.027 2340 
Arthrotim 109.87±15.03% 0.993±0.006 315 
16S V3 107.81±3.87% 0.995±0.001 1360 
  
The amount of 16S copies was recalculated to cell counts by means of a correction for the 
amount of 16S rRNA gene copies in the genome using the rrnDB 
(https://rrndb.umms.med.umich.edu/, Stoddard, Smith et al. (2015)) if no exact match for a 
certain strain was available an integer-rounded median copy number for the genus it belonged 
to was used. All data analyses were performed using R version 3.2.3 (http://r-project.org). 
The initial compatibility of a non-MOB for the MOB partner was calculated as the amount of 
copy-number corrected 16S rRNA gene copies of the non-MOB partner divided by the total 
of 16S rRNA gene copies and pmoA copies (Equation 3-1). The amount of 16S rRNA gene 
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copies that could be attributed to the non-MOB partner was calculated by subtracting the total 
16S V3 (Table 3-2) copy number by the corresponding pmoA copy number (Equation 3-2). 
 
Equation 3-1. Compatibility parameter. CPi,j is the compatibility of non-MOB partner i for MOB j. 
Ni,j is the copy-number corrected 16S rRNA gene count for non-MOB i co-cultivated with MOB j and 
Mj is the pmoA gene count for MOB j 
𝐶𝑃𝑖,𝑗 =
𝑁𝑖,𝑗
(𝑁𝑖,𝑗 + 𝑀𝑗)
 
Equation 3-2. non-MOB 16S rRNA gene count. Common terms as in Equation 3-1. Ti,j: 16S V3 gene 
count of co-cultivation of non-MOB i and MOB j, Rj = pmoA/16S rRNA gene ratio for MOB j, CNi 16S 
rRNA gene copy number for non-MOB i. 
𝑁𝑖,𝑗 =
𝑇𝑖,𝑗 − 𝑀𝑗/𝑅𝑗
𝐶𝑁𝑖
 
In Phase II of the co-cultivation experiments, the amount of variable partner was calculated 
by means of subtracting copy-number corrected gene counts of the pmoA gene (MOB) and 
16S rRNA gene of the fixed partner from the total amount of 16S rRNA gene counts 
(Equation 3-3). 
Equation 3-3. Variable partner count calculation. Vary,z : 16S rRNA gene count of variable partner y 
with MOB z. Ty,z: 16S V3 gene count of the co-cultivation. My,z: pmoA gene count for the co-
cultivation. Rz : pmoA/16S rRNA gene ratio for MOB z. Fy,z: fixed partner 16S rRNA gene count. CNF: 
16S rRNA gene copy number for fixed partner. CNy: 16S rRNA gene copy number for variable 
partner. 
𝑉𝑎𝑟𝑦,𝑧 =
𝑇𝑦,𝑧 −
𝑀𝑦,𝑧
𝑅𝑧
−
𝐹𝑦,𝑧
𝐶𝑁𝐹 
𝐶𝑁𝑦
 
3. Results  
3.1. Phase I: establishing initial 1:1 partner compatibility 
A total of 38 strains comprising 19 genera and 4 taxonomic classes (Table 3-1) were co-
cultivated with both an alphaproteobacterial (LMG 26262, Methylosinus sp.) and 
gammaproteobacterial (NCIMB 11130
T
, Methylomonas methanica) MOB. By means of 
specific qPCR the compatibility of each of these strains with the MOB was assessed (see the 
Materials & Methods section). The compatibility parameter (Equation 3-1) showed a sigmoid 
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pattern for both MOB types (Figure 3-2 and Figure 3-3) allowing for a clear distinction of 
three compatibility classes: after ranking (based on the median of the biological duplicates), 
the first 25% of non-MOB with a greater CPi,j than the MOB were considered lowly 
compatible (VL) with the MOB, the last 25% as highly compatible (VH) and partners within 
an interval of 25% around the median were considered moderately compatible (VM). The 
compatibility did not appear to show a clear correlation with the occurrence of described 
methylotrophs within the genus of the non-MOB strains although overall more strains with 
described methylotrophy within the genus occurred within the VH class than the VL class, 
certainly for NCIMB 11130
T
 (Figure 3-2 and Figure 3-3). The relatively high value for the 
CPi,j in the control incubation of LMG 1025 without NCIMB 11130
T
 is due to the lacking 
pmoA detection in the denominator making the ratio close to 1 (Figure 3-2). However, the 
actual 16S rRNA gene count for this control was lower than any non-MOB partner and could 
be considered “below quantification limit”, which actually caused the qPCR reaction to fail 
for one of the replicates (hence the horizontal bar rather than a box displayed in Figure 3-2). 
For LMG 26262 both replicates of this control incubation failed to amplify above the LOQ 
after 40 cycles of amplification (hence the lack of the resulting box in Figure 3-3). While for 
an axenic culture of NCIMB 11130
T
 CPi,j was 0 (as expected), it was 0.440±0.003 for LMG 
26262, which could point towards contamination of LMG 26262 (not confirmed by 10% TSA 
plating and partial 16S rRNA gene sequencing) or background noise in the SYBR green 
detection. Either way, partner selection for the second phase of the experiment was only 
performed based on CPi,j greater than this value.  
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Figure 3-2. Non-MOB partner compatibility with NCIMB 11130
T
. Blue colored boxplots indicate 
strains with described methylotrophic members in their genus. 
To further aid in an apt selection of fixed and variable partners, apart from the compatibility 
parameter, the “stimulation” of MOB growth (as measured by an increase in pmoA gene 
count) was assessed (Figure 3-5). When comparing pmoA copy numbers it is clear that only 
very few strains (R-23900, R-23892, LMG 2134 and LMG 7866) could increase the pmoA 
copy number of NCIMB 11130
T
 whereas for LMG 26262 most non-MOB partners (except 
for R-23894, LMG 20219 and LMG 22487) had a positive effect on the pmoA gene counts as 
compared to axenic growth. No clear correlation could be made between described 
methylotrophic members of the genus and the ability of the non-MOB partners to increase 
pmoA gene counts in the 1:1 interactome. Given the discrepancy between the compatibility of 
the non-MOB and MOB growth stimulation, the absorbance of the co-culture (OD600), being a 
proxy for total biomass, was added to the consideration for non-MOB partner selection for the 
second phase of the experiment (data not shown). However, a strong (Pearson product-
moment correlation: 0.83) and significant correlation (p<0.0001 for two-sample association 
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test and significance of the linear regression coefficient p<0.001) between OD600 and pmoA 
gene counts could be observed for NCIMB 11130
T
 (Figure 3-4) while no such significant 
correlation was found for LMG 26262 (Pearson: 0.17, P2-sample=0.32, Pregression =0.05). 
 
Figure 3-3. Non-MOB partner compatibility with LMG 26262. Blue colored boxplots indicate strains 
with described methylotrophic members in their genus. 
Based upon the considerations outlined above, 7 strains were selected as fixed and variable 
partners for both MOB (Table 3-4).  
 
Table 3-4. Selected non-MOB partners for Phase II. The partner designation will be used in graphs 
and results representation for the second phase of the experiment. Optimality refers to the main 
criteria for choice of these specific partners. 
Non-MOB 
partner 
designation 
Non-MOB 
partner strain 
(number) 
Species Optimality 
FIX Arthro Arthrobacter sp.  NCIMB 11130
T
 VM 
compatibility, LMG 26262 
pmoA count 
VL1 LMG 17588 Burkholderia 
multivorans 
Both MOB VL compatibility 
VL2 R-23894 Escherichia coli NCIMB 11130
T
 OD600 and 
non-MOB partner count, LMG 
26262 VL compatibility 
VM1 LMG 18303 Sphingomonas Both MOB VM compatibility 
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aromaticivorans 
VM2 LMG 7866 Escherichia 
fergusonii 
NCIMB 11130
T
 pmoA count, 
LMG 26262 VM compatibility 
VH1 R-23899 Pseudomonas 
syringae subsp. 
syringae 
NCIMB 11130
T
 non-MOB 
partner count, LMG 26262 VH 
compatibility 
VH2 LMG 2827 Rhodobacter 
sphaeroides 
NCIMB 11130
T
 non-MOB 
partner count, LMG 26262 
pmoA count. 
 
 
Figure 3-4. Linear model fit of OD600 in function of pmoA copy number for NCIMB 11130
T
 (left 
plot) and LMG 26262 (right plot). Outliers were removed in the case of LMG 26262. Adjusted R² 
values are 0.69 and 0.01 respectively. 
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3.2. Phase II: challenging the 1:1 interactome 
Co-cultures of each MOB type (Table 3-1) with a fixed non-MOB partner (FIX, Table 3-4) 
were repeatedly co-cultivated for 4 cycles of 7 days (5 cycles in the case of NCIMB 11130
T
). 
In each cycle the co-culture was challenged with each of the variable partners in triplicate 
(Table 3-4). We assessed how this challenge influenced functionality (CH4 oxidation, MOR) 
and if the fixed partner could adapt to the MOB and persist when challenged with the variable 
partners. If adaptation of the fixed partner to the MOB would occur we hypothesize that it 
cannot be outcompeted by the variable partners. Additionally, we hypothesize that 
functionality (MOR) should be stimulated if the MOB and fixed partner adapt to one another. 
3.2.1. Impact on functionality: methane oxidation rates 
When comparing the co-cultivation MOR with the MOR of the axenic MOB overall no effect 
was observed for NCIMB 11130
T
, with the notable exception of Cycle 1 for the MOB:FIX, 
MOB:FIX:VH1 and MOB:FIX:VH2 interactomes where the MOR was stimulated and Cycle 
4 for the MOB:FIX:VM1 where the MOR was decreased (Figure 3-6). 
 
Figure 3-6. Relative MOR of co-cultivation with NCIMB 11130
T
. Coloring according to co-
cultivation cycle. Error bars represent error-propagated standard deviations. 
For LMG 26262 no clear trends of the impact of co-cultivation on MOR could be observed 
other than the general tendency of co-cultivation to decrease MOR as compared to the axenic 
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culture with 10-20% regardless of co-cultivation cycle (Figure 3-7). Only for the MOB:FIX 
interactome an increase in MOR relative to the axenic MOB incubations was observed with 
increasing cycles of co-cultivation. 
 
 
Figure 3-7. Relative MOR of co-cultivation with LMG 26262. Coloring according to co-cultivation 
cycle. Error bars represent error-propagated standard deviations. 
3.2.2. Impact on the 1:1 interactome 
The abundance of MOB, fixed partner and each variable partner were tracked through 
repeated cycles of co-cultivation. Overall, a reduction of fixed partner with repeated cycles of 
co-cultivation was observed (Figure 3-8, Figure 3-10). Although the reduction was dependent 
upon variable partners, no clear trends could be observed. In the case of NCIMB 11130
T
 the 
MOB accounted for the majority of the gene copies (Figure 3-8, Figure 3-9). The fixed 
partner barely contributed in abundance to the interactome from the first cycle of co-
cultivation on. In the case of LMG 26262 the total amount of gene counts was less, though 
relatively more non-MOB were present and the fixed partner persisted longer in the 
interactome, dependent upon the variable partner it was challenged with (Figure 3-10, Figure 
3-11).  
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Figure 3-8. Average log10 scaled gene counts during co-cultivations with NCIMB 11130
T
. Targets 
as specified in Table 3-2. R represents axenic culture of NCIMB 11130
T
 while RF represents NCIMB 
11130
T
:FIX (Arthro) interactomes and L1,L2,M1,M2,H1 and H2 represent NCIMB 11130
T
:FIX:VAR 
with each of the selected variable partners in Table 3-4. The dashed line indicates the limit of 
quantification for the Arthro primer set (Table 3-3).Error bars represent standard deviations. 
 
Figure 3-9. Average relative abundances of interactome partners with NCIMB 11130
T
. Sample 
groups designated as in Figure 3-8. 
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Figure 3-10. Average log10 scaled gene counts during co-cultivations with LMG 26262. Targets as 
specified in Table 3-2. L represents axenic culture of LMG 26262 while LF represents 
LMG26262:FIX (Arthro) interactomes and L1,M1,M2 and H1 represent LMG26262:FIX:VAR with 
each of the selected variable partners in Table 3-4. The dashed line indicates the limit of 
quantification for the Arthro primer set (Table 3-3).Error bars represent standard deviations. 
 
 
Figure 3-11. Average relative abundances of interactome partners with LMG26262. Sample groups 
designated as in Figure 3-10. 
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The detected number gene counts of Arthro in the axenic incubations was always very close 
to the quantification limits for NCIMB 11130
T
 (Figure 3-8) which could be considered noise 
from the SYBR-green based qPCR detection and possible primer-dimer forming of the Arthro 
qPCR assay. On the other hand, for LMG 26262 possibly contamination may have occurred, 
although this was not confirmed with 10% TSA plating and partial 16S rRNA gene 
sequencing. 
4. Discussion 
4.1. Phase I: establishing compatibility in a 1:1 interactome 
The sigmoid distribution of the compatibility parameter (CPi,j, Figure 3-2 and Figure 3-3) 
indicated that indeed MOB were able to sustain different non-MOB partners to a specific 
extent, confirming Hypothesis 1. Given the frequent partnerships between MOB and 
methylotrophs, a tentative assessment was made whether the presence of a methylotrophic 
representative in the genus of the non-MOB strain could be linked to its compatibility with 
the MOB. While no clear correlation was observed, generally more strains with 
methylotrophs in the genus were found to occur in the high compatibility classes. However, 
genome mining for methylotrophy modules (Chistoserdova 2011) or experimental validation 
of methylotrophic metabolism of each of the individual strains is required to confirm this 
trend. Overall, facultative methylotrophic metabolism might be a wide-spread metabolic 
strategy of bacteria (Boden, Thomas et al. 2008; Kolb 2009; Hung, Wade et al. 2011; Eyice 
and Schäfer 2016). Although MOB were able to increase the counts of some non-MOB up to 
3 (R-23899 with LMG 26262) or even 6 (Leipz3 with NCIMB 11130
T
) log units, MOB pmoA 
gene counts were not stimulated to the same extent when compared to axenic MOB growth 
(Figure 3-5): a maximal increase of approximately 1 log unit was observed for LMG 26262 
while for NCIMB 11130
T 
co-cultivation generally had a negative impact (up to 4 log units 
decrease), indicating a competitive (negative) interaction between the MOB and the non-
MOB partners for the gammaproteobacterial MOB and a moderately mutualistic interaction 
for the alphaproteobacterial MOB. While relatively few data is available on the abundances of 
individual constituents in a methanotrophic co-cultivation, a 1 log unit increase (between 48 
and 120 h) of Methylovulum miyakonense HT12 16S was observed in a co-culture with 
Rhizobium sp. Rb122 (10:1 MOB:non-MOB initial inoculation) while only a very small 
increase was observed in Rhizobium sp. Rb122 for the same time period, though no 
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quantification of the inoculum was performed (Iguchi, Yurimoto et al. 2011). Both MOB and 
non-MOB partners were isolated from the same methanotrophic forest soil community, which 
implies that the partners were co-evolved to be adapted to one another before the co-
cultivation experiment. Other gammaproteobacterial MOB also exhibited stimulated growth 
and methane oxidation by Rb122. A co-culture of Methylocystis sp. M6 (Alphaproteobacteria) 
and Sphingopyxis sp. NM1 isolated from different soil consortia (hence from the same habitat 
but without previous adaptation), showed a density-dependent stimulation of M6 by NM1 at a 
1:9 ratio of MOB:non-MOB (Jeong, Cho et al. 2014). The total amount of M6 co-cultivated 
with NM1 in a 1:9 mixing ratio was significantly higher than the control incubation 
(determined by FISH), additionally mRNA transcripts associated with CH4 oxidation were 
upregulated. While the current experiment did not evaluate density-dependent effects, we 
have shown that even with a 1:1 mixing ratio growth stimulation by specific partners could be 
observed which confirms our previous data (Stock, Hoefman et al. 2013). The total biomass 
(measured as OD600) was found to be highly correlated with the pmoA of 
gammaproteobacterial MOB whereas this was not the case for the alphaproteobacterial MOB, 
implying that non-MOB partners had a greater influence on co-culture OD600 in co-cultures 
with the latter MOB type. Interestingly, the two reported synthetic co-cultures above confirm 
the observation that in co-cultivation with alphaproteobacterial MOB a greater non-MOB 
partner concentration can be sustained whereas co-cultivation with gammaproteobacterial 
MOB results in low non-MOB to MOB ratios. This is reflected by the observation that 
relatively more strains had a higher compatibility (CPi,j) with LMG 26262 (Figure 3-3) than 
with NCIMB 11130
T
 (Figure 3-2). Whether these observations can be generalised and linked 
with the proposed functional traits and according life strategies of alpha- and 
gammaproteobacterial MOB (Ho, Kerckhof et al. 2013) is not clear, and seminal work with 
continuous culture co-cultivation by Namsaraev and Zavarzin (1972) has shown abundances 
MOB:non-MOB ratios of 75:25 for the alphaproteobacterial MOB Methylocystis 
trichosporium 1442. 
4.2. Phase II: Competition within the co-culture - no effect of adaptation 
Co-cultivation with variable partners of any compatibility class did not have a clear 
stimulatory effect on MOR (Figure 3-6 and Figure 3-7). While this could be expected for the 
first cycle of co-cultivation of NCIMB 11130
T
 with a richness of 2 (Ho, de Roy et al. 2014), 
no adaptation effect was observed with repeated cycles of co-cultivation. Such an adaptation 
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effect was also not observed for a 1:1 MOB:non-MOB mixing ratio with an 
alphaproteobacterial MOB with repeated refreshing of the headspace CH4/air mixture (Jeong, 
Cho et al. 2014). Notable exceptions were the stimulation of relative MOR in co-cultivation 
of NCIMB 111130
T
 with the fixed partner and variable partners VH1 and VH2 or without any 
variable partners for co-cultivation cycle 1, up to twice as much as the axenic culture MOR. 
However, the stimulatory effect on MOR did not persist during subsequent co-cultivation 
cycles. Additionally, while generally co-cultivation of LMG 26262 with any variable partner 
negatively affected MOR, a stimulation of MOR was observed with increasing co-cultivation 
cycles of the MOB with the fixed partner, hinting at a possible adaptation and metabolic fine-
tuning of the interaction. A described increase in fitness and stability of gene-loss mutants 
which were obligatory cross-feeding (Pande, Merker et al. 2014) may be an evolutionary 
mechanism by which the MOB and non-MOB can adapt to one another over time. Absolute 
counts of the fixed partner 16S rRNA gene (Figure 3-8) could not account for the observed 
boost of MOR in co-cultivation cycle 1, and overall the fixed partner appeared to be “washed 
out” with every tenfold dilution for each cycle of co-cultivation with NCIMB 11130T, as a 
reduction of approximately one log unit could be observed in the 16S rRNA counts with 
increasing cycle number. However, when assessing the relative count of variable partners 
(Figure 3-9), it could be observed that for the conditions with a boosted MOR at cycle 1 (Fix, 
VH1, VH2) an increased amount of variable partner 16S gene counts was present. Although 
this was also the case for e.g. VL2, no concomitant stimulation of MOR was observed which 
could be attributed to the lower compatibility of this partner with the MOB. The fact that the 
fixed partner could sustain itself without growing for each cycle of 7 days and only be 
removed by dilution may be attributed to methylovorous (rather than methylotrophic) 
metabolism which encompasses the dissimilatory usage of C1 compounds for energy (and 
maintenance) without the ability to use these compounds for biomass synthesis such as 
described for the ubiquitous pelagic marine heterotroph SAR 11, but believed to be wide-
spread among bacteria (Sun, Steindler et al. 2011). 
Conversely, a “wash-out” effect was not observed for every partner combination in co-
cultivation with LMG 26262 (Figure 3-10). For all assessed partner combinations, the fixed 
partner was abundant enough to observe its relative abundance after one cycle of co-
cultivation (up to 30% of the relative gene counts when no variable partner was added, Figure 
3-11). Although for some variable partner incubations (VL1 and VM1) in subsequent cycles 
the fixed partner gene counts were severely reduced until levels around the LOQ, for VH2 
and VM2 and the co-cultivation with the fixed partner alone the fixed partner was able to 
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persist to some extent. Although for VH2 this did not have a direct impact on the MOR, VM2 
had an overall reduced negative effect on the relative MOR. Finally, the fixed partner 
persisted most strongly if no variable partner was added to the co-culture. Even though an 
initial drop of one log unit was observed, afterwards the fixed partner in co-culture with LMG 
26262 sustained itself and started even recovering, which coincided with an increase in MOR. 
5. Conclusion & perspectives 
This research was set out to assess if preferential partnerships occur between 38 non-MOB 
and an alpha- and gammaproteobacterial MOB (Hypothesis 1). While a clear sigmoid profile 
of compatibility was observed, generally Methylomonas methanica NCIMB 11130
T
 
(Gammaproteobacteria) sustained lower amounts of non-MOB partners than Methylosinus sp. 
LMG 26262 (Alphaproteobacteria). The non-MOB partners also rarely increased pmoA gene 
counts of NCIMB 11130
T
 while LMG 26262 pmoA counts could be increased up to 1 order of 
magnitude (i.e. tenfold). This demonstrated that preferential partnerships may be observed 
between MOB and non-MOB however they may not necessarily boost MOB abundance in the 
resulting co-culture. Next, a second hypothesis of partner adaptation (Hypothesis 2) was 
tested: a co-culture of an MOB and a moderately compatible partner was subjected to 
repeated cycles of co-cultivation. In each cycle this co-culture was challenged with variable 
partners with different compatibility with the MOB. Here we addressed how this adaptation 
would affect the functionality (MOR) and abundances of the individual partners. The 
adaptation hypothesis of the MOB to the fixed partner with a stimulation on MOR was only 
observed for a limited extent with the alphaproteobacterial MOB Methylosinus sp. LMG 
26262. 
Overall, the initial hypothesis of the adaptability of partner selection (Hypothesis 2) was 
largely rejected by the almost immediate wash-out of the fixed partner from the co-culture. 
This could be attributed to serial dilution in repeated co-cultivation batches, showing that an 
initial selection based upon 1 cycle of co-cultivation in Phase 1 was not appropriate. In future 
experiments a continuous cultivation system should be employed to ensure persistence of the 
partner (Namsaraev and Zavarzin 1972; Wilkinson, Topiwala et al. 1974; Lamb and Garver 
1980). By modulating the chemostat parameters such as the dilution rate and possibly 
biomass retention (i.e. retentostat operation), co-cultures can be selected for specific growth 
rates (µ). Screening of multiple partners, as in Phase 1 of the experiment, could be performed 
in cheap, custom built multiplexed chemostat arrays (Miller, Befort et al. 2013) or micro- and 
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miniscale bioreactors (Lattermann and Büchs 2015), which have the additional advantage of 
an increased volumetric mass transfer (kLa) and maximum oxygen transfer capacity (OTRmax), 
which would be highly advantageous given the gaseous form of the CH4/O2 substrate for 
aerobic methane oxidation. Additionally, density-dependent effects of initial inoculation 
should be investigated as we have previously observed that low ratios of non-MOB to MOB 
partners could be key for establishing mutualistic rather than commensalistic interactions 
(unpublished data for a co-culture of gfp-labeled P. putida SM1699 and Methylosinus sp. 
LMG 26262). The calculation of the amount of variable partner gene counts by subtracting 
the MOB pmoA and fixed partner 16S counts (Equation 3-3) may have introduced an 
unwanted bias in assessing the relative distribution of non-MOB in the co-culture and a 
specific qPCR primer set should be developed for each of the variable partners. Alternatively, 
to reduce bias, a general primer set such as 16S V3 (Table 3-2) could be employed with 
specific qPCR probes (e.g. TaqMan) in this way a same-length amplicon resulting from the 
same PCR reaction is generated. Finally, to ensure identity of the partners a low-coverage 
NGS 16S rRNA gene amplicon sequencing run (e.g. Illumina MiSeq) could be employed to 
assess the relative abundance of each partner.  
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CHAPTER 
  4
OPTIMAL PARTNERSHIPS IN THE METHANOTROPHIC 
INTERACTOME: UNSUPERVISED SELECTION  
 
Abstract 
Biological oxidation of methane (CH4) is an essential ecosystem function. Accumulating 
evidence indicated that this function is mediated by associations of methanotrophic bacteria 
(MOB) with non-methanotrophic partners; together referred to as a methanotrophic 
interactome. Given the potency of CH4 as a greenhouse gas, a thorough understanding of how 
these interactomes exert an effect on methane oxidation is of special interest. Furthermore, 
MOB - non-MOB associations could be exploited for sustainable biotechnological 
applications in light of the renewed interest in MOB as natural and cost-efficient biocatalysts. 
The selectivity of MOB for non-MOB partners, as well as the stimulation of MOB activity 
(CH4 oxidation rate, MOR) with increasing non-MOB richness have both been recently 
described for a single batch incubation period. Therefore, we hypothesized that during 
repeated co-cultivation of MOB with non-MOB, ecological sorting would guide the 
methanotrophic interactome towards its optimal composition, which could additionally boost 
functionality (MOR). While no significant improvement of functionality was observed, the 
biological variability of MOR was stabilized by co-cultivation with non-MOB partners. 
Overall, higher biomass yields were obtained when MOB were co-cultivated with non-MOB 
partners and an alphaproteobacterial MOB appeared to be able to support more non-MOB 
biomass than a gammaproteobacterial MOB, which could be linked to the proposed life-
strategies of these clades. A clear partner selection among non-MOB partners was observed as 
only 4 out of 8 initial partners were found to persist during repeated cycles of co-cultivation. 
While 2 of the persisting partners were found to persist with either MOB type, the other two 
were more restricted to a specific MOB. Differential metabolic potential of non-MOB was 
resolved by genome mining publicly available genomes; our attempt to find clues for the 
partner selectivity did not reveal a clear link with the potential for C1-compound metabolism. 
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However, genes for sugar metabolism (fructose, mannose, sucrose) were restricted to the 
persisting partners while genes encoding an ATP-dependent vitamin B12 importer were 
restricted to the non-persisting partners, underlining the importance of metabolic exchange in 
the methanotrophic interactome. 
 
 
Chapter redrafted after:  
Kerckhof F.-M., De Rudder C., Tsilia V., Props R., Ho A., Heylen K., Boon N. Functional 
stabilisation and partner selection during repeated co-cultivation in a methanotrophic 
interactome. Submitted to applied microbiology and biotechnology. 
 
 
 
 
 
 
 
 
 
 
 
 
  
Definition: the (methanotrophic) interactome 
A microbial interactome is referred here as an entire community interacting in concert 
to contribute to a specific microbial process. These interactions encompass (but are not 
limited to) (syn)trophic interactions where interacting partners exchange molecular 
building blocks and energy while feeding on a defined substrate. Others include 
antagonistic interactions such as selective predation. 
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1. Introduction  
The biological oxidation of methane (CH4), a greenhouse gas which contributes greatly to 
radiative forcing (Ciais, Sabine et al. 2014; Nisbet, Dlugokencky et al. 2014), is an essential 
ecosystem service which both contributes to atmospheric CH4 removal (Kirschke, Bousquet 
et al. 2013), as well as to attenuation of terrestrial and marine methane emissions (Hinrichs 
and Boetius 2002; Conrad 2009). Biological methane oxidation is mainly facilitated by 
aerobic methane-oxidizing bacteria (MOB, methanotrophs) which possess the unique ability 
to use CH4 as a sole carbon and energy source (Hanson and Hanson 1996). Due to this trait, 
they can act as primary producers of organic carbon in a methane-driven ecosystem (Petersen 
and Dubilier 2009; Ruff, Arnds et al. 2013; van Duinen, Vermonden et al. 2013). 
Accumulating evidence shows that MOB are generally present in so-called methanotrophic 
interactomes, consisting of MOB and non-MOB partners, and these interactomes as a whole 
are likely the main contributors to enhanced biological methane oxidation (Stock, Hoefman et 
al. 2013; Ho, de Roy et al. 2014; Iguchi, Yurimoto et al. 2015; Oshkin, Beck et al. 2015). 
Given the importance of CH4 as the third most potent greenhouse gas (Yusuf, Noor et al. 
2012), an in-depth understanding of the underlying interactions in biological methane 
removal is of great interest. Furthermore, apart from cycling of CH4, interactions within the 
methanotrophic interactome or its interactions with other non-methanotrophic interactomes 
may influence biogeochemical cycling of other building blocks of life on earth (e.g. N or S) 
(Costa, Perez et al. 2006; Luesken, Sanchez et al. 2011; Joye 2012; Hanke, Hamann et al. 
2014; Ho, de Roy et al. 2014; Kraft, Tegetmeyer et al. 2014; Koch, Lucker et al. 2015; 
Oshkin, Beck et al. 2015). This is evidenced, for instance, by the reports on the interactions 
between MOB and ammonia-oxidizing Archaea and Bacteria (AOA/AOB) (Daebeler, 
Bodelier et al. 2014; Zheng, Huang et al. 2014) and could possibly be reflected by the 
differentiation in nitrogen metabolism within the Methylococcaceae/Methylophilaceae 
interaction (Hernandez, Beck et al. 2015). Additionally, the importance of accompanying 
bacteria for MOB-driven biotechnological processes has been illustrated in the case of single-
cell protein production (SCP) (Bothe, Jensen et al. 2002), CH4-driven denitrification (Amaral, 
Archambault et al. 1995; Modin, Fukushi et al. 2007; Zhu, Wang et al. 2016) and the 
methane-driven production of biopolymers (Helm, Wendlandt et al. 2006). 
In natural systems, MOB are known to interact with higher organisms (Petersen and Dubilier 
2009; van der Ha, Bundervoet et al. 2011; Bao, Okubo et al. 2014; Putkinen, Larmola et al. 
2014; Iguchi, Yurimoto et al. 2015) however, we limit our discussion of the methanotrophic 
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interactome here to associations between MOB and bacterial non-MOB partners (Hanson and 
Hanson 1996; Hrsak and Begonja 2000; Iguchi, Yurimoto et al. 2011; Stock, Hoefman et al. 
2013; Jeong, Cho et al. 2014). While the benefit of associating with the MOB is clear for non-
MOB, i.e. acquisition of organic carbon from CH4 through MOB (Murase and Frenzel 2007; 
Modin, Fukushi et al. 2010), it is less straightforward what benefit the MOB acquire from 
their non-MOB partners (Iguchi, Yurimoto et al. 2015). One way in which non-MOB partners 
aid MOB is the removal of inhibitory intermediates from CH4 metabolism, such as methanol, 
as evidenced by the frequent association of methylotrophic non-MOB with MOB (He, 
Wooller et al. 2012; Beck, Kalyuzhnaya et al. 2013; Takeuchi, Kamagata et al. 2014; 
Danilova, Suzina et al. 2016). Additionally, toxic intermediates of MOB-driven degradation 
of organic (micro)pollutants (Benner, De Smet et al. 2015) can be detoxified by associated 
non-MOB partners (Hrsak and Begonja 2000; Hesselsoe, Boysen et al. 2005). Alternatively, 
non-MOB can supply growth factors (such as vitamins) to the MOB, as evidenced by 
rhizobial strains which stimulated gammaproteobacterial growth and CH4 oxidation by 
excreting cobalamin (vitamin B12) (Iguchi, Yurimoto et al. 2011). Although some 
experiments have shown that partnerships between the MOB and non-MOB partners are 
highly specific (Stock, Hoefman et al. 2013; van der Ha, Vanwonterghem et al. 2013; 
Hernandez, Beck et al. 2015), an increase in community diversity (richness, evenness), rather 
than specific partnerships, influenced ecosystems functionality (Wittebolle, Marzorati et al. 
2009) within the methanotrophic interactome (Ho, de Roy et al. 2014).  
The detailed study of these complex microbial interactions is hampered by technical 
limitations. Even by means of an established top-down method such as stable isotope probing 
(SIP) (Dumont and Murrell 2005; Neufeld, Wagner et al. 2007) causal evidence for 
cooperation and/or evidence for a bidirectional flux between partners in natural ecosystems is 
hard to establish. Hence recently, synthetic ecology experiments have been considered as a 
bottom-up approach in the toolkit of the environmental microbiologist (Jousset, Schulz et al. 
2011; Mee and Wang 2012; De Roy, Marzorati et al. 2014; Faith, Ahern et al. 2014; 
Großkopf and Soyer 2014; Bai, Müller et al. 2015; Stenuit and Agathos 2015). Although 
(re)assembling an ecosystem by means of isolates is not a new concept (Namsaraev and 
Zavarzin 1972; Wilkinson, Topiwala et al. 1974), the recent rise in interest for these type of 
experiments illustrates the need for a greater understanding as to how biotic interactions 
influence biogeochemical cycling. 
In this study, the hypothesis that MOB select for specific non-MOB partners based on their 
ability to stimulate the functionality of the MOB (i.e. methane oxidation rate; MOR) was 
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tested by adding a temporal variable to the co-cultivation (i.e. multiple cycles of repeated co-
cultivation) of the methanotrophic interactome as recently employed by Ho, de Roy et al. 
(2014) in the context of the richness-functionality relationship. Additionally, both a 
representative alphaproteobacterial and gammaproteobacterial MOB were included, as these 
clades harbor the majority of the currently described and cultivated MOB (Semrau, DiSpirito 
et al. 2010; Knief 2015), and both clades are hypothesized to have distinct life strategies (Ho, 
Kerckhof et al. 2013). Although these life strategies (e.g. competitiveness) could potentially 
impact biotic interactions with non-MOB in a methane-driven ecosystem, it is not yet known 
if and how they influence the methanotrophic interactome. If MOB show preference for 
specific partners, prolonged co-cultivation will select for these preferred partners. Conversely, 
the incompatible non-MOB partners will recede with successive cycles of co-cultivation. 
Hence, in this experiment, repeated co-cultivation will result in an unsupervised self-selection 
of the most optimal methanotrophic interactome. In support, the difference in the genetic 
make-up of the preferred partners was mined for cues on the potential mechanism of 
selectivity. Additionally, the influence of these preferred partnerships on the stability of 
ecosystems functionality (i.e. variability in MOR) was determined.  
2. Material and methods  
2.1. Strains and growth conditions 
Methylomonas methanica NCIMB 11130
T
 (Gammaproteobacteria; type I) and Methylosinus 
sp. LMG 26262 (Alphaproteobacteria, type II) were chosen as methanotrophs. Non-
methanotrophic partner cultures were selected and cultivated as described previously based 
upon comparable growth conditions and stimulatory or neutral interaction with the MOB (Ho, 
de Roy et al. 2014) (Table 4-1). After resuscitation from a -80 °C stock, the bacteria were 
inoculated on nutrient agar (Sigma-Aldrich, 70148) for 14 h at 28° C, after which they were 
transferred to liquid LB broth (Lennox, Sigma L3022) and placed on an orbital shaker (120 
rpm) at 28° C for 30 h. MOB (triplicate) and non-MOB partner co-cultures (quadruplicate), as 
well as a partner-only control (unreplicated) were grown on 20 mL NMS medium (with 
copper) (Whittenbury, Phillips et al. 1970) in 120 mL opaque serum bottles closed air-tight 
with grey butyl rubber stoppers. The bottles were incubated on a rotary shaker (150 rpm) at 
28 °C. At the start of the batch incubation, the headspace of the serum bottles contained 20% 
(v/v) CH4 (N45, Air Liquide, Belgium) in air. The synthetic communities were assembled at 
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equal starting numbers for each strain based on cell count using flow cytometry (Van Nevel, 
Koetzsch et al. 2013). The initial MOB-non-MOB co-culture inoculum contained 10
8
 cells 
mL
-1
. Both axenic cultures of MOB and partners contained the same number of cells as was 
present in the synthetic ecosystem per organism type. Serial co-cultivation was performed by 
transferring 10% (v/v) to fresh NMS medium after approximately 72 hours per cycle. An 
overview of the experimental design and sampling amounts is given in Figure 4-1. 
Table 4-1. Primary consumer strains used in the co-cultivation experiment (Ho, de Roy et al. 2014). 
(
a) “yes” (+publication): restricted facultative (obligate) or facultative methylotrophy is 
described within the species; “yes for strain”: genomic evidence shows the possibility of 
methylotrophy (Chistoserdova 2011), within confirmed methylotrophic species; “unclear”: 
contradictory information was found in the literature, the genome, or both; “no”: no 
evidence for methylotrophy was found in literature or in the genome of the strains in the 
table. 
Strain Strain number Methylotrophic (
a
) Genome source 
Paracoccus 
denitrificans 
LMG 4049 Yes for strain IMG/ER: tax ID 
2597490357 
Rhizobium 
radiobacter 
LMG 287 No GOLD project: 
Gp0000707 
Ochrobactrum 
anthropi 
LMG 2134 No GOLD project: 
Gp0000090 
Cupriavidus 
metalluridans 
LMG 1195
T
 No GOLD project: 
Gp0000357 
Comamonas 
terrigena 
LMG 1249 No GOLD project: 
Gp0023602 
Achromobacter 
denitrificans 
LMG 1231
T
 unclear GOLD project: 
Gp0033444 
Pseudomonas putida LMG 24210 No GOLD project: 
Gp0000136 
Escherichia coli LMG 2092
T
 No GOLD project: 
Gp0110161 
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2.2. Analytical methods 
Headspace gas composition was sampled concurrently at 0, 4, 6, 24, 48 and 72 hours during 
cycle 1, 3, 4 and 5. The headspace was sampled and injected in a Compact GC
®
 (Global 
Analyser Solutions, the Netherlands) equipped with a PoraBOND Q pre-column (Agilent, 
USA), a Molsieve 5A column, one channel connected to a flame ionization detector and two 
channels connected to a thermal conductivity detector. The system was controlled by 
EZChrom Elite software (Agilent, USA). 
Total cellular protein was determined using the BioRad DC Protein Assay, which is a 
modified version of the Lowry protein quantification as per the manufacturer’s instructions. 
Lyophilized bovine serum albumin was used as a protein standard. Previously, MOB growth 
was shown to have a linear correlation with total protein measurements (Hoefman, van der Ha 
et al. 2014). 
Total heterotrophic plate counts were performed at the end of the fifth co-cultivation cycle by 
decimal serial dilution plating (using sterile physiological solution) on nutrient agar (Sigma-
Aldrich, 70148). Plates were counted after 48h of incubation at 28°C. Only plates with more 
than 30 or less than 300 cells were counted, and counts were assumed to be Poisson 
distributed. 
  
Figure 4-1. Experimental design. C(1-5) represents the cycle of (co)-cultivation, where n represents 
the total amount of headspace measurements available for each cycle. Colors are added for 
interpretability. 
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2.3. PCR-DGGE 
A 16S rRNA gene region was amplified by PCR using 338F and 518R primers targeting the 
V3 region (Muyzer, Dewaal et al. 1993; Ovreas, Forney et al. 1997). A GC clamp of 40 bp 
(Muyzer, Dewaal et al. 1993; Ovreas, Forney et al. 1997) was added to the forward primer. 
The PCR program consisted of 10 min 95°C; 35 cycles of 1 min. 94°C, 1 min. of 53°C, 2 min. 
of 72°C; and a final elongation for 10 min. at 72°C. Amplification products were analysed by 
electrophoresis in 1.5% (wt/vol) agarose gels stained with ethidium bromide. DGGE 
(Denaturing Gradient Gel Electrophoresis) based on the protocol of Muyzer, Dewaal et al. 
(1993) was performed using the INGENYphorU System (Ingeny International BV, The 
Netherlands). PCR fragments were loaded onto 8% (w/v) polyacrylamide gels in 1  TAE 
buffer (20 mM Tris, 10 mM acetate, 0.5 mM EDTA pH 7.4). To process and compare the 
different gels, a homemade marker of different PCR fragments was loaded on each gel (Boon, 
De Windt et al. 2002).The polyacrylamide gels were made with denaturing gradients ranging 
from 40% to 60% (where 100% denaturant contains 7 M urea and 40% formamide). The 
electrophoresis was run for 16 hours at 60°C and 120V. Staining and analysis of the gels was 
performed as described previously (Boon, Goris et al. 2000). The normalization and analysis 
of DGGE gel patterns was done with the BioNumerics software 5.10 (Applied Maths, Sint-
Martens-Latem, Belgium), which was also used to assign band classes. Distinctive band 
classes for each interactome partner were selected based upon patterns from individual axenic 
cultures that were loaded on the DGGE. 
2.4. Statistical data analysis 
All statistical analyses and data visualizations were performed using R 3.2.3 (http://r-
project.org). Multiple comparisons were performed as follows: after checking normality of 
residuals (both by means of a Q-Q normal plot as well as the Shapiro-Wilks normality test) 
and homogeneity of variances (both by means of inspecting boxplots as well as robust 
Levene-type testing or Brown-Forsythe testing if normality could not be assumed) the 
following general and post hoc tests were performed: if the normality and homoscedasticity 
hypothesis could be retained an ANOVA was performed with Tukey HSD Post-Hoc testing. 
If normality was retained but homoscedasticity rejected a weighted-least squares ANOVA 
was run with a Games-Howell post-hoc test. If normality could not be retained nonparametric 
multiple contrast effects were employed with Tukey contrasts. To model the methane removal 
generalized additive models were employed in R. Variance-to-mean ratios (VMR) were used 
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as relative dispersion metrics and were calculated by dividing the cycle means and variances 
of normalized methane oxidation rates. 
2.5. Comparative genomics 
Publically available genomes were acquired from their respective sources (Table 4-1) and 
annotated by the rapid annotations using subsystems technology (RAST) server using default 
settings (“classic RAST” annotation scheme, RAST as a gene caller, FIGfam release 70, 
Genetic code 11, automatically fix errors and backfill gaps) with additional fixing of frame 
shifts and construction of a metabolic model (Aziz, Bartels et al. 2008; Overbeek, Olson et al. 
2014). After annotation, a genbank file was downloaded from RAST and pathway-genome 
databases were built using the PathoLogic tool in PathwayTools (Karp, Paley et al. 2010) v. 
19.5 with automatic build and all automated options in the consistency checker. Subsequently, 
comparative analyses were run using the web interface of the PathwayTools web server. 
3. Results and discussion 
3.1. MOB partner selection 
The specificity of MOB interaction with non-MOB partners in the co-cultures (Chapter 3, 
section 3.1) could lead to the selection of partners by the MOB after repeated co-cultivation. 
Indeed, previous reports on 1:1 co-cultivation experiments of 25 non-MOB with 9 MOB 
partners showed that specific combinations of MOB and non-MOB differentially stimulated 
maximal growth and growth rates of the resulting 1:1 interactomes during a single co-
cultivation cycle (Stock, Hoefman et al. 2013). Furthermore, the sigmoid partner 
compatibility curves in Chapter 3 (Figure 3-2 and Figure 3-3) confirm that differing 
MOB/non-MOB ratios can occur within the interactome which strengthens the hypothesis of 
partner specificity. In the current experiment, 8 partners were combined at equal 
concentrations of 3.17±1.75*10
7
 cells mL
-1
 to the incubation with 3.23±2.31*10
7
 cells mL
-1
 
of either Methylomonas methanica NCIMB 11130
T
 or Methylosinus sp. LMG 26262. By 
adding an initial excess of non-MOB as compared to MOB only the non-MOB best adapted 
for interaction with the MOB will be able to persist in the interactome after repeated cycles of 
co-cultivation. Hence, this unsupervised selection for specific non-MOB partners in the 
methanotrophic interactome will be mediated by competition among the non-MOB partners 
for specific CH4-derived carbon sources supplied by the MOB. Alternatively, the negative and 
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neutral interactions observed by Stock, Hoefman et al. (2013) could indicate partner 
incompatibility with MOB-derived carbon, leading to immediate washout upon repeated sub-
cultivation. The presence/absence (and relative abundance) of each individual constituent 
partner of the methanotrophic co-culture was determined at the end of each co-cultivation 
cycle using denaturing gradient gel electrophoresis (DGGE). As expected, the MOB were 
observed in each cycle and each treatment condition (Figure 4-2 and Figure 4-3). 
Additionally, of the eight initial non-MOB partners, only the same four strains (R. 
radiobacter LMG 287, C. metallidurans LMG 1195
T
, A. denitrificans LMG 1231
T
, P. putida 
LMG 24210) could be observed at the end of the first co-cultivation cycle with each of the 
MOB. These partners could hence be considered persisting partners. R. radiobacter LMG 287 
and C. metallidurans LMG 1195
T
 were present in all cycles for both MOB and were therefore 
viewed as “promiscuous” partners (Figure 4-2). Co-cultivation was more selective towards A. 
denitrificans LMG 1231
T
 and P. putida LMG 24210, which were more specific partners for 
Methylosinus sp. LMG 26262 and M. methanica NCIMB 11130
T
, respectively (Figure 4-2). 
Of the partners which could not be detected in the first cycle (the non-persisting partners) 
only P. denitrificans LMG 4049 re-appeared in cycle 5 of co-cultivation with LMG 26262. 
This suggests that during previous cycles its biomass did not wash out but rather remained 
present at levels below DGGE detection limits. We have previously observed this behavior 
when Methylosinus sp. LMG 26262 was combined with a GFP-tagged Pseudomonas putida 
(strain SM1699 obtained from prof. Søren Molin; Sternberg, Christensen et al. (1999)): low 
initial inoculum concentrations and a 5/95 non-MOB/MOB ratio were found to be required 
for optimal adaptation and development of a mutualistic interaction (F.M. Kerckhof & 
Charlotte De Rudder, unpublished data). To our knowledge, this is the first report of a 
repeated co-cultivation experiment which tracks the presence/absence of both MOB and non-
MOB partners and additionally shows specific partners selection depending upon the MOB 
type for a defined set of non-MOB partners. 
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Figure 4-2. Community structure heatmap by 16S rRNA DGGE. Representative bandclasses 
were assigned to the MOB and each non-MOB partner (Figure 4-3). Each cell represents the 
average relative band intensity over all biological replicates (n=3 for pure MOB and n=4 
with non-MOB partners, n=1 if cycle=”N”). The color intensity of the cells is proportional to 
the relative abundance. Cycles 1 through 5 are indicated with their corresponding number, 
and “N” indicates an axenic culture was loaded in the lane. “+8HET” indicates co-
cultivation incubations with 8 initial non-MOB partners (as described in the materials & 
methods section). 
 
Figure 4-3. DGGE pattern among the cycles (underlying data for Figure 4-2). 16S rRNA 
gene DGGE was performed as described in materials & methods. Using BioNumerics 
(Applied Maths, version 5.1) band classes were assigned. Only the most abundant band class 
of a pure strain loaded on the gel was selected as “representative” band class, hence 
correcting for possible ghost bands. Samples were color-coded according to the cycle they 
belonged to. R45002 represents Methylomonas methanica NCIMB 11130
T
. +8HET refers to 
co-cultivation incubations. 8HET as such are lanes from the negative control of the 8 non-
MOB incubated without the MOB. Cycle “none” refers to pure cultures loaded in the lane. 
Fuzzy clustering was performed using the Jaccard distance (aware of band intensity) and 
UPGMA linkage.- Figure is displayed on the next page. 
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3.2. From CH4 to interactome biomass: CH4 oxidation and CH4-C distribution 
To investigate the significance of the observed association between the two MOB and the 
eight different non-MOB partners belonging to 3 classes and 8 genera, CH4-oxidizing activity 
and the fate of CH4-derived carbon were determined during the repeated co-cultivation 
experiments. As a control, the non-MOB partners were incubated under the same conditions 
without MOB. Unexpectedly, no significant differences in methane oxidation rates (MOR, 
mmol CH4 oxidized L
-1
 h
-1
) were observed between axenic MOB and MOB with partners 
(p>0.05) in cycle 1 and subsequent cycles of repeated co-cultivation. Additionally, fitting of 
generalized additive (mixed) models did not show a significant effect of non-MOB partners 
on the methane removal profiles (Figure 4-4) at the 5% significance level (data not shown). 
However, the type of MOB always had a significant effect (p<0.05, data not shown) which is 
also clear from the overall higher average MOR for M. methanica NCIMB 11130
T
 (0.60±0.33 
mmol CH4 oxidized L
-1
 h
-1
, averaged over all cycles) as compared to Methylosinus sp. LMG 
26262 (0.24±0.25 mmol CH4 oxidized L
-1
 h
-1
) , reflecting the different traits, and possibly, 
life strategies adopted by the MOB (Ho, Kerckhof et al. (2013)): gammaproteobacterial MOB 
were classified as competitors/competitors-ruderals in a competitor-stress tolerator-ruderals 
(C-S-R) framework, derived from ecological theory for plants (Grime 1977). This implies that 
gammaproteobacterial MOB are considered to be highly competitive for nutrients, trace 
elements and CH4 and oxygen (C), while simultaneously being highly robust to disturbances 
(such as grazing, heat/cold stress, desiccation/rewetting (Ho, van den Brink et al. 2016): C-
R). Conversely, alphaproteobacterial MOB are believed to be stress tolerators/stress 
tolerators-ruderals which implies that they thrive with increasing stress (such as low levels of 
CH4, O2, nutrients but also physicochemical stress: S). 
In contrast to previous findings (Ho, de Roy et al. 2014) this experiment showed no 
significant activity differences between incubation of M. methanica NCIMB 11130
T
 with or 
without non-MOB partners (which was also observed for Methylosinus sp. LMG 26262, 
specific to this experiment). This could be attributed to differences in the experimental setup, 
e.g. a subset of the partners of the previous work was used and added these partners were 
added in higher initial amounts than before. Nevertheless, the results showed that addition of 
non-MOB partners reduced the overall variability of the MOR, hence “stabilizing” the 
biological variability of methane removal by both axenic MOB strains, regardless of the co-
cultivation cycle. The ‘stabilizing’ effect appears to become stronger with repeated sub-
cultivation as compared to Cycle 1 (Figure 4-5, Figure 4-6). This stabilization of MOR in the 
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presence of non-MOB partners may be attributed to the removal of inhibitory compounds 
(Wilkinson, Topiwala et al. 1974; Hanson and Hanson 1996), which corroborates with earlier 
findings that community diversity enhances functional stability (Wittebolle, Marzorati et al. 
2009). A possible mechanism behind this stabilization could be phenotypic heterogeneity: 
Auto-inhibitory compounds of CH4-metabolism by the MOB could lead to a stochastically 
divergent response in pure MOB cultures: even among biological replicates the resistance of 
axenic MOB to these compounds could be dependent upon mutations or regulations that 
occur stochastically (as has been demonstrated for ethanol resistance of E. coli (Swings, 
Wuyts et al. 2015) or switching to methanol metabolism by Methylobacterium extorquens 
(Strovas and Lidstrom 2009) and phenotypic diversity of Bacillus subtilis under carbon 
starvation (de Jong, Veening et al. 2012)), leading to phenotypic (physiological) 
heterogeneity in isogenic microbial populations (Davidson and Surette 2008; Lidstrom and 
Konopka 2010; Reinhard and van der Meer 2013; Ackermann 2015). Addition of non-MOB 
partners could relieve the stress (challenge) of these inhibitory compounds. Hence, by 
increasing the diversity of the methanotrophic interactome (by adding non-MOB partners) 
different inhibitory compounds could be removed from the culture. Process stabilization of 
the production of single cell protein (SCP, BioProtein) by Methylococcus capsulatus Bath 
was shown for an interactome with Ralstonia and Bacillales (Bothe, Jensen et al. 2002). 
These non-MOB, which were initially considered “contaminants” of pure culture SCP 
production by M. capsulatus, were afterwards deliberately introduced to the M. capsulatus 
culture to enhance growth and process stability. Predictable and reliable functionality (here 
represented by methane removal and biomass growth) are essential for biotechnological 
application of synthetic ecosystems (Pandhal and Noirel 2014). 
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Figure 4-4. Methane removal profiles. C/C0 profiles for all experimental conditions and 
cycles. Observation points represent average C/C0 of either triplicate (MOB alone) or 
quadruplicate (MOB with heterotrophs) measurements, except for the heterotroph control 
incubation without methanotrophs, where only one biological replicate was used. A dashed 
horizontal red line represents 25% methane removal from the initial concentration. Shaded 
areas represent 95% confidence intervals on the observations. Colors of lines and data points 
represent the experimental groups: in red the non-MOB negative control incubations (8HET) 
are shown, in brown/green the incubations with only LMG 26262 without non-MOB partners 
are shown, in dark green the co-cultivation incubations of LMG26262 with the non-MOB (+ 
8HET) are shown in blue the incubations of only NCIMB 11130
T
 without non-MOB partners 
are shown and in magenta the co-cultivation incubations of NCIMB 11130
T
 with the non-
MOB (+ 8HET) are shown. 
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Figure 4-5. Stabilization of methane oxidation rates (MOR) by co-cultivation. The 
stabilization of MOR is visualized by the ratio of Variance-to-Mean ratios (VMR) of the MOR 
from the co-cultivation of Methylosinus sp. LMG 26262 or M. methanica NCIMB 11130
T
 with 
eight heterotrophic partners over the MOR from the axenic MOB incubations. A dashed line 
represents a ratio of 1 in which case the relative MOR variance with partners is as high as 
without partners. Values below the dashed line indicate a lower VMR when the MOB is 
accompanied by the partners. 
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Figure 4-6. Box-and-whisker plots for methane oxidation ratio's (MOR) for each cycle per 
treatment. MOR is expressed as mmol CH4 oxidized per liter of broth per hour. MOR is 
corrected for losses during incubation by means of a negative control with only heterotrophs 
(HET). LMG: pure culture cultivation of Methylosinus sp. LMG 26262. LMG+HET: co-
cultivation of Methylosinus sp. LMG26262 with 8 non-MOB partners as described in 
materials & methods. R: pure culture cultivation of Methylomonas methanica NCIMB 
11130
T
. R+HET: co-cultivation of Methylomonas methanica NCIMB 11130
T
 with 8 non-MOB 
partners as described in materials & methods. Black dots in the boxplot represent the median 
MOR. 
To track how CH4 derived carbon was distributed towards CO2 (catabolism) and biomass 
(anabolism), the total cellular protein as well as the headspace CO2 were measured through all 
cycles. Overall, more CH4-C was converted to biomass, and thus less to CO2, when MOB 
were incubated with partners (Figure 4-6). This suggests a higher yield of total protein 
produced per amount of CH4 consumed when partners were co-cultivated with the MOB 
(Table 4-2) and, to a lesser extent, to a decrease of CO2 produced per amount of CH4 
consumed (Table 4-2). More protein per mg of CH4 was synthesized during co-cultivation 
with M. methanica NCIMB 11130
T
 than with Methylosinus sp. LMG 26262. Interestingly, 
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total heterotrophic plate counts were lower for NCIMB 111130
T
 (1.30*10
8
±1.14*10
4
 CFU 
mL
-1
) than LMG 26262 (1.68*10
9
±4.10*10
4
 CFU mL
-1
), suggesting that the anabolic 
stimulation of partners might be MOB-type specific and could be coupled to their proposed 
life-strategies. For instance, the competitor M. methanica NCIMB 11130
T
 likely assimilated 
more of the CH4-C than the stress-tolerator Methylosinus sp. LMG 26262, leaving less C 
available to the non-MOB partners. Here too, we confirmed this observation by an experiment 
in which both MOB were combined in same amounts with a GFP-tagged (Sternberg, 
Christensen et al. 1999) Pseudomonas putida SM1699, which resulted in a higher GFP event 
count (determined by flow cytometry) for co-cultivation with Methylosinus sp. LMG 26262 
than with M. methanica NCIMB 11130
T
 after 6 repeated cycles of 72 h (F.M. Kerckhof & C. 
De Rudder, unpublished data). An additional differentiating feature between both MOB was 
the increased CO2 production during each cycle for Methylosinus sp. LMG 26262, which 
could not be observed for M. methanica NCIMB 11130
T
. When partners were added, the ratio 
of CO2-C to protein was generally lower for each respective cycle in the case of Methylosinus 
sp. LMG 26262 (Figure 4-7), mainly due to an increase in the amount of total protein 
(biomass) synthesized. This effect could not be observed for M. methanica NCIMB 11130
T
. 
Negative controls with axenic non-MOB partners confirmed absence of growth and lack of 
CO2 production indicating carbon was primarily derived from CH4 in the presence of MOB. 
Moreover, protein amounts were below the detection limit in all cycles and time points which 
suggest a lack of growth without the MOB and CH4 (data not shown). Consequently, the 
increased amount of biomass-protein synthesized without an increase in MOR (in the case of 
co-cultivation with Methylosinus sp. LMG 26262) indicates that non-MOB growth was 
sustained by more efficient CH4-C turnover: as compared to axenic MOB incubations, the 
additional assimilation into protein could only be attributed to the non-MOB partners. This 
would require metabolic fine-tuning of MOB and non-MOB partners to optimally distribute 
and assimilate the CH4-C. Furthermore, the additional aerobic respiration by the non-MOB 
partners could benefit growth of Methylosinus sp. LMG 26262 as alphaproteobacterial MOB 
rely on the serine cycle for the assimilation of CH4 derived carbon (Equation 1-1 and Figure 
1-7), which requires 1 mol of CO2 per 2 mol of assimilated formaldehyde. Hence, the 
consumption of the additional CO2 from non-MOB respiration may have boosted total 
biomass increase as compared to axenic MOB incubations. Increased levels of CO2 have been 
shown to stimulate biomass increase in a soil methanotrophic interactome, driven by an 
alphaproteobacterial MOB (Acha, Alba et al. 2002). Overall, reports on co-cultivation 
influencing MOR (Ho, de Roy et al. 2014; Jeong, Cho et al. 2014) are more scarce than 
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reports on increased growth (biomass yield) of the methanotrophic interactome as compared 
to a pure culture (Wilkinson, Topiwala et al. 1974; Hrsak and Begonja 2000; Bothe, Jensen et 
al. 2002; Stock, Hoefman et al. 2013; Jeong, Cho et al. 2014) , which could indicate that 
although MOR and biomass increase are highly linearly correlated for axenic MOB cultures 
(Hoefman, van der Ha et al. 2014), a decoupling of these processes may occur within the 
methanotrophic interactome. Hence the use of an interactome rather than axenic MOB may 
not be advantageous if CH4 removal is the desired application (e.g. CH4 biofiltration), though 
it may be advantageous in cases where overall biomass production is the goal (e.g. SCP or 
PHB production from CH4). 
 
Figure 4-7. Box-and-whisker plots of carbon ratio of CO2-C formed per mL over mg total 
protein per mL at the end of each cycle. No headspace or protein measurements were 
performed for cycle 2. The heading of each group of boxplots describes the treatment. Strain 
numbers of the MOB alone represent axenic culture conditions. “+8HET” designates co-
culture with 8 non-MOB partners (as described in the materials & methods section). 
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Table 4-2. Yield coefficients. Δ designates increase or removal between t0 and tend of a cycle, 
where t0 for the amount of protein was calculated based upon the 10% v/v transfer at the end 
of cycle 3. 
Yield 
(mg/mg) 
Cycle M. methanica 
NCIMB 11130
T
 
M. methanica 
NCIMB 1130
T  
+ 8 HET 
Methylosinus 
sp. LMG 26262 
Methylosinus sp. 
LMG 26262  
+ 8 HET 
ΔCO2/ 
Δprotein 
4 1.240±0.352 0.882±0.230 1.677±0.339 1.521±0.807 
5 0.490±0.073 1.142±0.457 2.849±1.114 1.645±0.429 
Δprotein/ 
ΔCH4 
4 0.620±0.144 0.751±0.100 0.607±0.139 0.739±0.407 
5 1.641±0.181 0.837±0.315 0.379±0.111 0.647±0.156 
ΔCO2-C/ 
ΔCH4-C 
4 0.272±0.050 0.257±0.066 0.362±0.010 0.354±0.009 
5 0.296±0.012 0.311±0.006 0.371±0.038 0.372±0.011 
3.3. On the mechanism of partner selection: clues from genome mining 
Although the underlying mechanisms governing the specificity of non-MOB partner selection 
remain inconclusive (Hernandez, Beck et al. 2015), some clues on the ecological significance 
of the observed partner selectivity were found through comparative genomics. This was 
greatly facilitated by the synthetic ecology approach in this work which allowed use of strains 
with full genome availability. 
A thorough comparison of genes encoding for different methylotrophy modules (compiled 
from Chistoserdova (2011) and RAST scenario’s/subsystems, see also Chapter 1, section 
2.2.1) showed limited distinctive genes in any module investigated. In primary oxidation 
modules pyrroloquinoline quinone (PQQ) synthase, a cofactor of (methanol) dehydrogenases, 
was found to be primarily restricted to persisting partners (except for R. radiobacter LMG 
287). No corresponding genes for methanol oxidation were found in any non-MOB partner 
except P. denitrificans LMG 4049. The promiscuous persisting partners exclusively encoded 
for presumed oxidation modules for methylated sulfur species (methylsulfonates, 
dimethylsulfide and dimethylsulfoniopropionate). Finally, both P. denitrificans LMG 4049 
and A. denitrificans LMG 1231
T
 were the only non-MOB encoding for a primary oxidation 
module for methylamine. Furthermore, no further discrimination between persisting and non-
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persisting partners could be made based on genes for C1-metabolism.  
However, other differences in carbon metabolism could be observed: D-threo-aldose 1-
dehydrogenase (E.C. 1.1.1.122), an enzyme involved in fructose and mannose metabolism 
was only encoded by persisting partners. Additionally, a gene encoding glucoamylase (E.C. 
3.2.1.3), involved in starch and sucrose metabolism was restricted to persisting partners. 
These genes could be involved in metabolism of sugars derived from soluble EPS synthesized 
by the MOB (Wilshusen, Hettiaratchi et al. 2004; van der Ha 2013; Wei, Su et al. 2015); 
extremophile MOB have even been reported to directly produce sucrose (Medvedkova, 
Khmelenina et al. 2007; But, Khmelenina et al. 2015; Khmelenina, Rozova et al. 2015). 
Several genes involved in β-alanine biosynthesis and degradation were also found to be 
restricted to persisting partners. 
Considering transporters, nearly all non-persisting partners (except O. anthropi LMG 2134) 
encoded for an ATP-dependent cobalamin importer (Vitamin B12 ABC transporter, ATPase 
component BtuD) in their genome while the persisting partners were all lacking this gene. 
This may indicate that partners able to compete with the MOB for cobalamin were selected 
against persistence within the methanotrophic interactome. Interestingly, only the genome of 
M. methanicia NCIMB 11130
T
 was found to encode for this functionality, while it was not 
observed in Methylosinus sp. LMG 26262. Cobalamin (synthesized by rhizobia) has 
previously been shown to stimulate gammaproteobacterial methanotrophs (Iguchi, Yurimoto 
et al. 2011), although there was only a weak effect for Methylomonas methanica S1. A gene 
encoding cobalamin synthase (E.C. 2.7.8.26) was encoded by all non-MOB partners (except 
for A. denitrificans LMG 1231
T
), but not in the MOB. Regardless of the gene inventory, 
measurement of cobalamin synthesis under the current growth conditions should be 
performed to assess gene expression (and cobalamin export). However, the differential 
presence of a cobalamin transporter in persisting versus non-persisting partners adds to the 
increasing evidence that cobalamin is of importance for biological methane oxidation (Lamb 
and Garver 1980; Iguchi, Yurimoto et al. 2011; Hoefman, van der Ha et al. 2014; Iguchi, 
Yurimoto et al. 2015) and its role requires further in-depth investigation. 
4. Conclusions and perspectives 
In this experiment, it was shown that co-cultivation of non-MOB partners reduced the 
variability in MOR that was observed with axenically-grown MOB. Furthermore, the co-
cultivation with the alphaproteobacterial methanotroph Methylosinus sp. LMG 26262 had a 
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higher biomass yield (measured as total protein) as compared to a pure culture, however this 
effect was not observed for the gammaproteobacterial MOB Methylomonas methanica 
NCIMB 11130
T
. Of the 8 non-MOB partners that were initially added to both MOB, only 4 
could be detected after the first sub-cultivation, showing selectivity of the MOB towards their 
non-MOB partners. The underlying mechanisms for partner selection still need to be resolved. 
Therefore, we mined the genomes of the non-MOB for clues on possible driving mechanisms 
of MOB- non-MOB interactions. Indeed, the availability of the full genome of each 
constituent strain (as in this experiment) is advantageous for other ‘omics’ applications to 
further unravel how gene-expression (metatranscriptomics) and translation to proteins 
(metaproteomics) is influenced by repeated co-cultivation and possible adaptation of MOB 
and their partners in a methanotrophic interactome. Additionally, since all carbon in the 
interactome is derived from CH4, 
13
C-labeled SIP approaches coupled to meta-proteomics and 
metabolomics can directly link these observed adaptations to CH4 oxidation and assimilation. 
Finally, investigations into the spatiotemporal structure (and the exchanged metabolites, by 
e.g. nano-desorption electrospray ionization (Watrous, Roach et al. 2012)) of interactions 
could allow for proper modeling and hence manipulation of the methanotrophic interactome 
(Larsen, Hamada et al. 2012; Jagmann and Philipp 2014; Widder, Allen et al. 2016). 
Ultimately, this modeling could supply the tools for adequate microbial resource management 
(Verstraete, Wittelbolle et al. 2007; Read, Marzorati et al. 2011) for increased recovery of the 
carbon and energy harnessed in CH4 rather than merely removing CH4 to CO2 (Verstraete 
2015).  
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CHAPTER 
  5
PRESERVING THE (METHANOTROPHIC) INTERACTOME  
 
Abstract 
The use of mixed microbial communities (microbiomes) for biotechnological applications has 
steadily increased over the past decades. However, these microbiomes are not readily 
available from public culture collections, hampering their potential for widespread use. The 
main reason for this lack of availability is the lack of an effective cryopreservation protocol. 
Due to this critical need, the functionality as well as the community structure of three 
different types of microbiomes was evaluated before and after cryopreservation with two 
cryoprotective agents (CPA). Microbiomes were selected based upon relevance towards 
applications: (1) a methanotrophic interactome (MOB), with potential for mitigation of 
greenhouse gas emissions, environmental pollutants removal and bioplastics production; (2) 
an oxygen limited autotrophic nitrification/denitrification (OLAND) biofilm, with enhanced 
economic and ecological benefits for wastewater treatment, and (3) fecal material from a 
human donor, with potential applications for fecal transplants and pre/probiotics research. 
After three months of cryopreservation at -80°C, it was found that metabolic activity, in terms 
of the specific activity recovery of MOB, aerobic ammonium oxidizing bacteria (AerAOB) 
and anaerobic AOB (AnAOB, anammox) in the OLAND mixed culture, resumes sooner 
when one of the selected CPA [dimethyl sulfoxide (DMSO) and DMSO plus trehalose and 
tryptic soy broth (DMSO+TT)] was added. However, the activity of the fecal community was 
not influenced by the CPA addition, although the preservation of the community structure (as 
determined by 16S rRNA gene sequencing) was enhanced by addition of CPA. In summary, a 
cryopreservation protocol that succeeded in preserving both community structure and 
functionality of value-added microbiomes was established. This will allow individual 
laboratories and culture collections to boost the use of microbiomes in biotechnological 
applications.  
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1. Introduction 
In a bio-based economy, the exploitation of microbial resources represents a valuable solution 
for many of the current sustainability issues (Kleerebezem and van Loosdrecht 2007; Brenner, 
You et al. 2008; Possemiers, Grootaert et al. 2009; van der Ha, Bundervoet et al. 2011; Van 
den Abbeele, Roos et al. 2012; Van den Abbeele, Verstraete et al. 2013). Both single strains 
and consortia of different microorganisms with various interconnected functions (i.e. 
microbiomes; Read, Marzorati et al. (2011)) have been employed. The latter strategy has been 
gaining importance since the last decade (Kleerebezem and van Loosdrecht 2007; Brenner, 
You et al. 2008; Agler, Wrenn et al. 2011; Marshall, LaBelle et al. 2013; Van den Abbeele, 
Verstraete et al. 2013) and in certain applications microbiomes (interactomes) are known to 
outperform pure cultures (Dejonghe, Boon et al. 2001; Bell, Newman et al. 2005; Wittebolle, 
Marzorati et al. 2009; Hollister, Forrest et al. 2010; Marshall, LaBelle et al. 2013; Ho, de Roy 
et al. 2014). Hence, the use of mixed microbial communities is interesting both from a purely 
scientific point of view as well as from the viewpoint of practical applications. Nonetheless, 
no optimized approach to maintain a reproducible mixed community inoculum is available to 
date (even when correcting the inherent variability found in mixed bacterial communities (i.e. 
community dynamics; Read, Marzorati et al. (2011)). 
The majority of the existing protocols for long-term and stable storage have been described 
for axenic cultures, which is obviously linked with the almost exclusive focus of biological 
resource centers (BRC) on pure culture microorganisms (Emerson and Wilson 2009; Prakash, 
Nimonkar et al. 2013). In non-BRC labs the preservation method of freezing at -80°C is 
preferred over freeze-drying or other drying techniques, because of the direct access to 
electrical freezers for most researchers and the straightforwardness of the procedure (Heylen, 
Hoefman et al. 2012). To avoid cellular damage during cryopreservation and subsequent 
thawing, a wide array of cryoprotective agents (CPA) has been applied. Of these, 
cryopreservation with dimethylsulfoxide (DMSO) is comparatively more successful than the 
commonly used glycerol (Hubálek 2003). Moreover, recent studies on preservation of 
fastidious axenic cultures have shown the effectiveness of complex media for 
cryopreservation of methanotrophic bacteria (MOB) (Hoefman, Van Hoorde et al. 2012), 
aerobic and anaerobic ammonia-oxidizing bacteria (AerAOB and AnAOB) (Heylen, Ettwig et 
al. 2012; Hoefman, Pommerening-Roser et al. 2013) and nitrite oxidizing bacteria (Vekeman, 
Hoefman et al. 2013). These complex cryopreservation media exploit the concerted protective 
effects of a fast penetrating CPA (DMSO) and the innate cryoprotective effects of carbon-rich 
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media (Trehalose and Tryptic Soy Broth, TT). Apart from the choice of CPA, which has been 
indicated to be one of the most determining factors for cryopreservation success (Hubálek 
2003), a rigorous protocol for freezing, thawing, resuscitation and storage with as less 
temperature variations as possible is essential for successful cryopreservation (Heylen, 
Hoefman et al. 2012). 
To date, only a few methodologies for cryopreservation of non-axenic cultures have been 
described (Laurin, Labbe et al. 2006; Vlaeminck, Geets et al. 2007; Hamilton, Weingarden et 
al. 2012; Heylen, Ettwig et al. 2012). Conversely, regardless of the increasing interest in 
processes driven by mixed microbial communities or microbiomes/interactomes (Brenner, 
You et al. 2008; Read, Marzorati et al. 2011), they are currently not readily available from 
any culture collection (Emerson and Wilson 2009). Among the described preservation 
methodologies, the use of DMSO and DMSO+TT as CPA has been evaluated for highly 
enriched anammox communities, without further evaluation of the community structure 
(Heylen, Ettwig et al. 2012). The preservation of the activity of anammox enrichments has 
also been evaluated at -60°C (not at -80°C) without evaluation of DMSO as a CPA but with 
evaluation of community changes by means of comparative FISH (Rothrock, Vanotti et al. 
2011). Cryopreservation of gel entrapped nitrifying sludge has also been evaluated 
(Vogelsang, Gollembiewski et al. 1999) but not with DMSO as a CPA, nor with further 
evaluation of the community structure. The recovery of both activity and community structure 
(evaluated with DGGE) has been evaluated for cryopreserved denitrifying biomass (Laurin, 
Labbe et al. 2006). However, DMSO nor TT were incorporated as CPA in the study design. 
Finally, cryopreservation of the oxygen-limited autotrophic nitrification/denitrification 
(OLAND) biofilm has been evaluated previously (Vlaeminck, Geets et al. 2007) but 
cryopreservation was not evaluated at -80°C nor with the use of DMSO or DMSO+TT as a 
CPA. To summarize, none of the described methodologies to this day have evaluated both the 
documented benefits of DMSO with or without carbon rich compounds as a CPA on both 
community composition and functionality. 
This study presents the innovative implementation of a cryopreservation protocol, designed 
based on previous research (Hubálek 2003; Heylen, Ettwig et al. 2012; Hoefman, Van 
Hoorde et al. 2012; Hoefman, Pommerening-Roser et al. 2013; Vekeman, Hoefman et al. 
2013), for stable storage of bacterial mixed cultures in order to retain both community 
composition and an associated key functionality over time. DMSO was chosen over glycerol 
as the CPA. The combination of DMSO and TT was evaluated as a separate CPA. Storage 
was performed at -80°C. Three different bacterial mixed communities were included: (i) a 
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highly enriched co-culture of methane-oxidizing bacteria (MOB) and heterotrophs (van der 
Ha, Hoefman et al. 2010), (ii) a biofilm from the OLAND process (Vlaeminck, De Clippeleir 
et al. 2012) which contained both nitrifiers (aerobic ammonium-oxidizing bacteria, AerAOB 
and nitrite-oxidizing bacteria, NOB) and anoxic ammonium-oxidizing bacteria (or anammox 
bacteria: AnAOB) and (iii) a human fecal microbiome. These mixed bacterial cultures were 
selected based upon their relevance for science and industry. MOB mixed communities are 
the key drivers of a variety of biotechnological processes (Jiang, Chen et al. 2010): methane 
removal in gaseous or liquid wastestreams, production of added-value compounds from these 
wastestreams (Helm, Wendlandt et al. 2006; van der Ha, Bundervoet et al. 2011; Pieja, 
Sundstrom et al. 2012) or biodegradation of hazardous organic compounds (Hrsak and 
Begonja 2000). The OLAND mixed communities form a one-stage sustainable nitrogen 
removal process removing ammonia from wastewaters with a low C/N ratio and ammonia 
loaded gas streams through a combination of partial nitritation and anammox (Kuai and 
Verstraete 1998; De Clippeleir, Courtens et al. 2012; Vlaeminck, De Clippeleir et al. 2012). 
Finally, the fecal microbiome opens perspective for pre- and probiotics testing and fecal 
transplantations (Possemiers, Grootaert et al. 2009; Van den Abbeele, Roos et al. 2012; Van 
den Abbeele, Verstraete et al. 2013). 
2. Materials and methods 
2.1. Biomass sampling and pretreatment 
Prior to cryopreservation, biomass was harvested from three different sources with their own 
key specific functionality. 
2.1.1. MOB biomass 
A methanotrophic co-culture was sub-cultivated from the original enrichment culture by Van 
Der Ha et al. (van der Ha, Hoefman et al. 2010) on NMS medium (with copper). Headspace 
air was replenished every three days, in a non-sterile fashion. Biomass was sampled from 
these communities growing in active methane oxidizing fed-batch reactors. 
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2.1.2. OLAND biomass 
OLAND is a one-stage autotrophic process removing ammonia from wastewaters with a low 
C/N ratio and ammonia loaded gas streams through a combination of partial nitritation and 
anammox (Kuai and Verstraete 1998; De Clippeleir, Courtens et al. 2012; Vlaeminck, De 
Clippeleir et al. 2012). 
The OLAND-biomass was harvested from a lab-scale rotating biological contactor (RBC) 
showing stable operation for several years (Pynaert, Smets et al. 2003). The reactor is being 
operated at 34±1°C and has been fed with synthetic influent at a volumetric loading rate of 
600 mg N L
-1
 d
-1
 and a hydraulic residence time of 40 h. At the time of sampling, the average 
nitrogen removal efficiency was 77%. About 100 g of biofilm was harvested from the RBC 
discs by scraping. To remove all dissolved nitrogen compounds originating from the reactor 
liquid, the harvested biomass was washed with tap water in a sieve (pore size 250 μm). 
2.1.3. Fecal biomass 
Following verbal consent, a stool sample of a healthy human volunteer was collected in a 
sealed, plastic container with an AnaeroGen™ bag to create an anaerobic environment. The 
sample was preserved within 2 h after defecation. 
2.2. Experimental setup 
The experimental design, over a three month period of cryopreservation, is outlined in Figure 
5-1. Each source of biomass at t0 was divided in three parts: one part was subjected to 
cryopreservation, with or without addition of CPA, another part was subjected to the 
reference activity test, and a final part was sampled for DNA extraction and biomass 
quantification. At the end of the reference activity test, biomass was again sampled for DNA 
extraction and biomass quantification (t1). After 106 days, biomass was resuscitated (t2) and 
used as inoculum for the post-freezing activity test. At the end of the post-freezing activity 
test biomass was sampled again for quantification and DNA extraction (t3). DNA sampling at 
this point allows to investigate the active community after resuscitation and a standard batch 
activity test. 
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Figure 5-1. Timeline and sampling strategy of the cryopreservation setup. The time is shown in days. 
In red the activity tests are shown. The freezing and thawing are shown in dark grey. DNA sampling 
was executed at t0, t1 and t3.  
2.2.1. Storage conditions 
Prior to cryopreservation and activity testing, all mixed cultures were cultivated in their 
appropriate growth media (described in section 2.3). Cultures were harvested from active 
(fed-) batch reactors or human fecal matter. Biomass was transported in under one hour to the 
cryopreservation location on coldpacks (approx. 4°C). Biomass was stored in quadruplicate 
50 mL falcon tubes for each cryopreservation condition (see Table 5-1), to allow for an 
adequate amount of inoculum to be preserved to execute activity measurements and reactor 
startup immediately after resuscitation (Heylen, Ettwig et al. 2012). 
In each falcon tube either 20 mL of liquid broth for the MOB biomass (previously cultivated 
on NMS) or 8 g of wet weight for the OLAND and fecal biomass was added. No particular 
precautions were made to avoid exposure of the anaerobized fecal slurry and OLAND biofilm 
to air in preparation of the 50 mL falcon tubes for freezing (Heylen, Ettwig et al. 2012). To 
the OLAND and fecal biomass, 20 mL of autoclaved tap water (Ghent, Belgium) or basal 
medium (Rechner, Smith et al. 2004) was added, respectively. Immediately upon arrival at 
the cryopreservation site, 20 mL of the selected CPA (Table 5-1), was added and gently 
mixed. Addition of CPA was performed at 4°C to decrease DMSO toxicity. Biomass was 
allowed to equilibrate with the added CPA for 30 minutes at room temperature (21°C). 
Immediately after, biomass was transferred to -80°C. The falcon tubes were stored in non-
insulated cryopreservation boxes in an aluminum rack placed in the -80°C ULT freezer. The 
freezing and thawing rates in medium with 5% DMSO at -80°C were similar to values 
determined by the authors in a previous experiment (Hoefman, Pommerening-Roser et al. 
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2013) as an identical protocol and equipment were used. In this experiment it was shown that 
the rates of freezing to -80°C were much lower than in liquid nitrogen, while thawing rates 
were similar. A slower freezing rate is beneficial for preservation success, as a rapid cooling 
can increase the chance of intracellular ice formation, leading to cell death. 
Table 5-1. Cryoprotective agents (CPA) used in the cryopreservation design. 
Treatment designation CPA content 
No CPA Distilled autoclaved tap water 
DMSO Distilled autoclaved tap water and DMSO to a final concentration of 5% (v/v) DMSO 
DMSO+TT TT medium (1% (w/v) D+-Trehalose, 0.3% (w/v) tryptic soy broth (TSB)) and DMSO to 
a final concentration of 5% (v/v) DMSO 
2.2.2. Resuscitation conditions 
The last step in every preservation protocol is the resuscitation of preserved biomass so that 
cells again become active and are able to reproduce (Heylen, Hoefman et al. 2012). Samples 
were thawed in a warm water bath at 37°C. Because of cytotoxicity of DMSO, the samples 
were removed from the warm water bath immediately upon thawing for centrifugation at 4°C 
at 7000g for 15 minutes after which the supernatant was discarded. The pellet was then 
resuspended in fresh medium, and 50% (v/v) TT medium was added to the corresponding 
vials. After resuspending, cultures were incubated for one hour at room temperature. Then the 
samples were centrifuged as described above following pellet resuspension in 20mL of their 
respective media. 
2.3. Activity screening setup 
2.3.1. MOB biomass 
A total liquid volume of 200 mL was used to have sufficient amounts of methane and oxygen 
in the headspace for a 96 h incubation in 1.15 L bottles. At the start of each incubation, 20% 
(v/v) of methane (99.95% pure, Air Liquide, Liège, Belgium) was added to the headspace of 
the bottles. All cryoprotective conditions were incubated in duplicate on both NMS medium 
(1 g L
-1
 MgSO4·7H2O, 1 g L
-1
 KNO3, 0.15 g L
-1
 CaCl2·2H2O, 0.005 g L
-1
 FeNaEDTA, 1.43 g 
L
-1
 Na2HPO4·12H2O, 0.55 g L
-1
 KH2PO4 and 0.1% (v/v) of trace elements solution) with 
copper and dNMS medium (0.4 g L
-1
 MgSO4·7H2O, 0.4 g L
-1
 KNO3, 0.06 g L
-1
 CaCl2·2H2O 
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and 2.87 g L
-1
 Na2HPO4·12H2O, 1.1 g L
-1
 KH2PO4. Other constituents are given for NMS). 
The trace elements solution is described in Table 5-2.  
Table 5-2. Composition of the trace element solution for NMS and dNMS with copper 
Component Concentration 
Na2EDTA.2H2O 0.5 g L
-1
 
FeSO4.7H2O 0.2 g L
-1
 
H3BO3 0.03 g L
-1
 
CoCl2.6H2O 0.02 g L
-1
 
ZnSO4.7H2O 0.01g L
-1
 
MnCl2.4H2O 0.003 g L
-1
 
NaMoO4.2H2O  0.003 g L
-1
 
NiCl2.6H2O 0.002 g L
-1
 
CuSO4.5H2O 2.5 g L
-1
 
 
 
The bottles were placed on a shaker (120 rpm) for 48 h with daily sampling for cell dry 
weight ( 10 mL) and headspace gas (2 mL). 
Specific methane oxidation rate (MOR, mmol CH4 g
-1
 VS d
-1
) was determined as the amount 
of methane consumed divided by the average volatile solids (VS) concentration over the 
activity test of 48h, and was the key activity for the methanotrophic interactome. 
2.3.2. OLAND biomass 
The aerobic batch experiments for AerAOB and NOB activity were performed in 250 mL 
Erlenmeyer flasks with 100 mL working volume, where 0.1 g L
-1
 of nitrogen added as NH4Cl 
and a buffering solution (1 g L
-1
 NaHCO3, 3.4 g L
-1
 KH2PO4 and 4.4 g L
-1
 K2HPO4) were 
supplied to the biomass (~ 0.2g VSS per Erlenmeyer). The flasks were incubated on a shaker 
at 34°C while pH and dissolved oxygen concentration were monitored: samples for 
ammonium, nitrite and nitrate analyses were taken each 4 h. For the anoxic batch tests 
(AnAOB activity), 120 mL serum flasks were used, containing 80 mL of mixed liquor. Once 
Chapter 5 
 126 
C
H
A
P
T
E
R
 5
 
the biomass (~ 0.2g VSS per flask) and a buffering solution (final concentrations 1 g NaHCO3 
and 0.04 g L
-1
 KH2PO4) were added, the flasks were closed with rubber stoppers and flushed 
with N2 gas (30 cycles of 800 mbar overpressure, 900 mbar underpressure). Then, flushed 
substrate solutions containing NH4Cl and NaNO2 were added (final concentrations 0.1 g L
-1
 
NH4-N and 0.1 g L
-1
 NO2-N). Further incubation and sampling were performed as described 
for the aerobic batch experiments. Due to a missing sampling point (t1) and the pooling of the 
biomass, statistical analyses were not completed for the community data acquired. 
2.3.3. Fecal biomass 
The fresh or preserved (after removal of cryoprotectant medium) fecal sample was diluted 
(20%, w/v) and homogenized with sterilized phosphate buffer (0.1 M, pH 7.0), containing 1 g 
L
-1
 sodium thioglycolate as the reducing agent. The particulate material was removed by 
centrifugation (2 min, 500g) and the supernatant of this pretreatment was used as an inoculum 
for the batch tests. 
Experiments were performed in 120 mL serum flasks flushed with N2 (as described for the 
anoxic OLAND activity tests) with basal medium (Rechner, Smith et al. 2004). Forty mL of 
basal medium and 10 mL of the fecal inoculum were incubated at 37°C under continuous 
shaking (120 rpm) for 36 h. The activity parameter that was evaluated for the fecal 
community was short-chain fatty acid (SCFA) production. The total SCFA concentration was 
calculated as the sum of concentrations of acetate, propionate, butyrate, isobutyrate, valerate, 
isovalerate, caproate and isocaproate. 
2.4. Physicochemical analyses 
2.4.1. Biomass quantification 
In order to be able to assess specific activity, biomass concentration was assessed as cell dry 
weight based on a determination of total (suspended) solids (T(S)S) and volatile suspended 
solids (V(S)S) according to Greenberg, Eaton et al. (1992). 
2.4.2. Headspace gas composition 
At the startup and before every liquid sampling event, gas samples were taken and gas 
pressure was measured using a tensiometer (Infield 7 with T1Kc sensor head, UMS, München, 
Germany). Two mL of headspace sample was transferred to and injected on a Compact GC 
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(Global Analyzer Solutions, Breda, The Netherlands) equipped with one channel having a 
thermal conductivity detector (TCD) following a Porabond pre-column attached to a Molsieve 
SA column. This allowed for accurate determination of the concentration of O2, N2, CH4 and 
CO2 in the headspace of the cultivation reactors (van der Ha, Bundervoet et al. 2011). 
2.4.3. Ammonium, nitrite, nitrate and SCFA analyses 
Dissolved ammonium concentrations were determined by a direct colorimetrical method with 
the Nessler reagent at 425nm (Greenberg, Eaton et al. 1992). Nitrate and nitrite 
concentrations were analyzed using an ion chromatograph (IC 761 Compact IC, Metrohm, 
Herisau, Switzerland) equipped with an electrochemical conductivity detector following a 
Metrosep A Supp5-150 column (Metrohm, Herisau, Switzerland) and a Metrosep A Supp 4/5 
guard column (Metrohm, Herisau, Switzerland). The mobile phase was 3.2 mM Na2CO3, 1.0 
mM NaHCO3 and 5 volume percent acetone at a flow rate of 0.7 mL min
-1
. Volatile fatty 
acids were analyzed as described previously (De Weirdt, Possemiers et al. 2010): C2-C8 fatty 
acids (including isoforms C4-C6) were measured by gas chromatography (GC-2014, 
Shimadzu®, The Netherlands) with DB-FFAP 123-3232 column (30m x 0.32 mm x 0.25 µm; 
Agilent, Belgium) and a flame ionization detector (FID). Liquid samples were conditioned 
with sulfuric acid and sodium chloride and 2-methyl hexanoic acid as internal standard for 
quantification of further extraction with diethyl ether. Prepared sample (1 µL) was injected at 
200ºC with a split ratio of 60 and a purge flow of 3 mL min
-1
. The oven temperature increased 
by 6ºC min
-1
 from 110ºC to 165ºC where it was kept for 2 min. FID had a temperature of 
220ºC. The carrier gas was nitrogen at a flow rate of 2.49 mL min
-1
. 
2.5. Microbial identification and quantification 
To identify the mixed bacterial community constituents, Illumina 16S rRNA gene sequencing 
was performed. DNA was extracted using the FastDNA
TM
 SPIN kit for soil (MP Biomedicals, 
Brussels, Belgium) according to the instructions of the manufacturer for the MOB and 
OLAND samples and by using the CTAB method (Griffiths, Whiteley et al. 2000) for the 
human fecal material samples. 
The preparative amplification, gel purification and equimolar pooling for Illumina amplicon 
sequencing was performed as described before (Camarinha-Silva, Jáuregui et al. 2014). 
Unidirectional Illumina amplicon sequencing was executed with 16S rRNA gene primers for 
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the V5-V6 hypervariable regions as described before (Bohorquez, Delgado-Serrano et al. 
2012). 
A total of 544568, 83754 and 170617 sequence reads were obtained for the 20 MOB samples, 
4 OLAND samples and 9 fecal microbiome samples, respectively. A quality filter program 
that runs a sliding window of 10% of the read length over the read and calculates the local 
average score based on the Phred quality scores of the fastq file, trimmed 3’-ends of the reads 
that fall below a quality score of 15 (http://bioinformatics.ucdavis.edu/index.php/Trim.pl). 
Only reads of a minimum of 149 nt in length (29 nt of primer and barcode sequence and 120 
nt of 16S rRNA gene sequence) were further analyzed. All truncated reads that had an N 
character (ambiguous base call) in their sequence, any mismatches within primers and 
barcodes or more than 10 homopolymer stretches were discarded. All sequences from each 
sample present in the different libraries were split into different files according to their unique 
barcode. 
A representative read was further considered if a) it was present in at least one sample in a 
relative abundance >1% of the total sequences of that sample or b) was present in at least 2% 
of samples at a relative abundance >0.1% or c) present in at least 5% of samples. Phylotype 
representatives were then generated by clustering at 98% similarity (1 mismatch) using the 
mothur pre.cluster program (Schloss, Westcott et al. 2009). This reduced the number of 
representative reads to a computational manageable level without curtailing the fine scale 
community composition (Camarinha-Silva, Jáuregui et al. 2014). The final sequences used 
for this study are available as supplemental material 
(http://journals.plos.org/plosone/article?id=10.1371%2Fjournal.pone.0099517#s6). 
2.6. Data processing and visualization 
All statistical data analyses and graphing of community structure were performed with the 
statistical software R, version 3.0.2. for Windows (http://www.r-project.org) (R Development 
Core Team 2015). Multiple comparisons were executed using the Kruskal-Wallis rank sum 
test from the R base package stats. If the null hypothesis of equality of location parameters of 
each group distribution was rejected, nonparametric relative contrast effects (Konietschke 
2009; Konietschke, Placzek et al. 2015) were estimated to assess significant differences 
between groups with Tukey contrasts, unless stated otherwise. Graphing of the functionality 
data was performed using SigmaPlot for Windows version 12.0 (Systat software, Inc.). 
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Phylogenetic trees were constructed after sequence alignment using mothur, version 1.31.2 
(Schloss, Westcott et al. 2009). Alignments were made using the align.seqs command with 
the reference Silva alignment provided on the mothur website (Release 102, 
http://www.mothur.org/wiki/Silva_reference_files). RAxML (Stamatakis 2006; Stamatakis 
2014) was used to construct a majority rule bootstrap consensus tree with the GTR+GAMMA 
substitution model. One thousand bootstrap iterations were executed using the parallelization 
offered in the Pthreads-based version of RAxML (Ott, Zola et al. 2010). The Newick-
formatted output tree was subsequently loaded into iTol (http://itol.embl.de) for data 
visualization (Letunic and Bork 2011). Classification of sequences was executed with the 
mothur implementation of the naïve Bayesian classifier (Wang, Garrity et al. 2007) with a 
threshold of 0.65 with either RDP release 9 (Cole, Wang et al. 2009) reference taxonomy or 
the Greengenes reference taxonomy suggested by Werner and colleagues (Werner, Koren et 
al. 2012), without trimming to the sequencing region. Unless stated otherwise, the sequence 
count data were randomly subsampled to the sequence count of the sample with the lowest 
sequence count for each of the mixed communities separately. Rarefaction curves showed that 
at this cutoff all samples were sequenced deep enough to cover biodiversity (Figure 5-2). 
When means are reported, they are always reported as mean ± standard deviation ( ?̂? ± 𝜎 ̂) 
and the number of replicates (n) is given between brackets. Multiple comparisons were made 
using nonparametric relative contrast effects (Konietschke and Hothorn 2012) with Tukey 
contrasts and a logit asymptotic approximation as implemented in the R package nparcomp 
(Konietschke, Placzek et al. 2015) unless otherwise stated. 
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Figure 5-2. Rarefaction curves. Colors represent the sample types as indicated in the phylogenetic 
trees in Figure 5-4, Figure 5-8 and Figure 5-10. (A) MOB community rarefaction. Samples 1 & 2: 
inoculum (t0), 3&4 : NMS t1, 5-7 : dNMS t1, 8&9 : No CPA NMS, 10&11 : No CPA dNMS, 12 & 13 : 
DMSO NMS, 14& 15 : DMSO dNMS, 16 & 17 : DMSO+TT NMS, 18&19 : DMSO+ TT dNMS. The 
dataset was subsampled to 16591 reads per sample. (B) OLAND community rarefaction. Pooled 
samples 1: t0, 2: No CPA, 3: DMSO, 4: DMSO+TT. The dataset was subsampled to 17647 reads per 
sample. (C) Fecal microbiome rarefaction. 1&2: t1, 3&4: No CPA, 5&6 DMSO, 7&8 DMSO+TT, 9: 
fecal inoculum (t0). The dataset was subsampled to 12440 reads per sample. 
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3. Results 
For each of the three mixed communities the impact of the addition of a CPA during 
cryopreservation is outlined below. First specific activity recovery of a key activity of the 
mixed culture is given, followed by the results of the recovery of OTUs directly contributing 
to the chosen key activity (functional community members) after which the recovery of every 
single OTU, regardless of classification as a functional community member, is evaluated for 
their presence or absence at each time point and condition of the experimental design (Figure 
5-1). Finally the changes in community structure are evaluated using the abundance-based 
Jaccard index. 
3.1. Methanotrophic community (MOB) 
Two cultivation media (NMS and dNMS) were evaluated with the MOB mixed culture. The 
key specific activity (MOR) was comparable to the original activity, when a CPA was added 
prior to cryopreservation (Figure 5-3A), on both media. When no CPA was added, the 
average specific activity over 48h was significantly lower than the original activity on both 
media (p<0.0001). The largest activity recovery was obtained when only DMSO was added as 
a CPA both with NMS (147.2±2.6%) and dNMS (156.1±10.1%), which exceeded the original 
activity. When DMSO+TT was used as a CPA, the original specific activity was obtained on 
NMS (96.4±10.7%) and dNMS (116.5±20%). Both on NMS and dNMS with DMSO+TT as a 
CPA the specific activity was not significantly different from the initial activity (p=1). 
Among the OTUs classified as methylotrophic Proteobacteria (57 out of 117 OTUs) were 
classified into two MOB families (7 out of 117 OTUs): either Methylococcaceae 
(Gammaproteobacteria) or Methylocystaceae (Alphaproteobacteria). Also one OTU was 
classified as a non-proteobacterial MOB, part of the Verrucomicrobia phylum, namely 
Candidatus Methylacidiphilum. While the Methylococcaceae family was an abundant 
community constituent (up to 46% of all sequences of the inoculum), the Methylocystaceae 
and Candidatus Methylacidiphilum were less abundant (Figure 5-5, Figure 5-6). All of these 
methanotrophic taxa were detected in the mixed culture before and after cryopreservation, 
irrespective of the added CPA (Figure 5-5). However, the relative abundances of the MOB 
OTUs among all experimental conditions simultaneously (t0,t1 and t3) were significantly 
different for each MOB family (p<0.0001). More specifically, the relative abundance of 
Methylococcaceae within dNMS pre (t1) and dNMS DMSO (t3) did not significantly differ 
from the inoculum (t0, p=1). There was also no significant difference in Methylococcaceae 
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relative abundance between the dNMS pre (t1) and dNMS samples at t3 with DMSO and 
DMSO+TT (p=1). However, on NMS, all conditions at t3 differed significantly from t0 and t1, 
regardless of CPA addition (p<0.0001). There were no significant differences in relative 
abundance of Methylocystaceae between t3 and the initial inoculum (t0, p=1), although the 
NMS samples showed a significant difference between t3 and t1 in samples with CPA addition 
(p<0.0001). No significant differences (p=1) were found in the relative abundance of 
Candidatus Methylacidiphilum between t0 on t3 only when DMSO was used as a CPA and 
incubation was performed on NMS. Between t1 and t3 on NMS no significant differences 
were found when DMSO+TT or no CPA was used (p=1). On dNMS, DMSO+TT maintains 
the relative abundance between t1 and t3 (p=1). 
The main constituents of the mixed MOB culture were from the Methylophilaceae, 
Flavobacteriaceae, Methylococcaceae, Comamonadaceae, Verrucomicrobiaceae, 
Chitinophagaceae and Enterobacteriaceae families (Figure 5-4). Differences in relative 
abundance of individual community members were apparent however; only 21% of OTUs 
(representing only 2.5% of total sequence counts) were not detected in at least one of the 
experimental conditions (Figure 5-4). 
Cryopreservation was associated with greater community dissimilarities on NMS, regardless 
of the addition of a CPA (Figure 5-13A). Nonetheless, these dissimilarities (t0-t3) were not 
significantly different from the community dissimilarity of the first activity test (t0-t1, p=0.12). 
With dNMS, the differences were significant (p=0.01). More specifically, the dissimilarity 
with the inoculum was lower when a CPA was added. This dissimilarity was within the range 
of the dissimilarity of the pre-freezing activity activity test (t0–t1) when DMSO was used as a 
CPA (Figure 5-13). The community dissimilarities in the reference (t0–t1), DMSO (t1–t3) and 
DMSO+TT (t1–t3) samples were not significantly different (pref-DMSO = 0.99, pref-DMSO+TT = 0.50, 
pDMSO-DMSO+TT = 0.57) while the dissimilarities between the reference and the samples with no 
CPA did significantly differ (p<0.0001). 
Figure 5-3. Functionality recovery after cryoporeservation. Error bars represent standard errors. A) 
the MOB community on NMS and dNMS cultivation medium. The activity recovery was the percentage 
of specific MOR (mmol CH4 g
-1
 VS d
-1
) from the pre-freezing activity test (t0 to t1) that was obtained in 
each experimental condition in the post-freezing activity test (t2 to t3). B) The OLAND community. The 
activity recovery was the percentage of specific activity (mg N g
-1
 VSS d
-1
) for either aerobic or 
anaerobic ammonium oxidation (AOB and AnAOB) or nitrite oxidation (NOB), from the pre-freezing 
activity test (t0 to t1) that was obtained in each experimental condition in the post-freezing activity test 
(t2 to t3). C) short chain fatty acid production by the fecal microbiome. The activity recovery was the 
percentage of SCFA produced in the pre-freezing activity test (t0 to t1) that was obtained in each 
experimental condition in the post-freezing activity test (t2 to t3). Total SCFA, acetate, propionate and 
butyrate were measured. Figure on next page. 
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Figure 5-4. Phylogenetic tree of OTU consensus sequences in the MOB samples. Sequences were 
aligned using the mothur implementation of the NAST algorithm with the Silva v102 reference 
alignment. RAxML was used to construct an extended majority rule bootstrap consensus tree with the 
GTR + GAMMA substitution model and 1000 bootstrap iterations. This bootstrap consensus tree was 
visualized using iTol. The colored bars represent treatment-wise means (n=2 except for inoculum n=1 
and NMS pre n=3) of the log transformed absolute abundances with the log transformation as 
suggested by Anderson and colleagues (Anderson, Ellingsen et al. 2006) with base 10. Before 
transformation the samples were rarefied to the lowest sequence count after removal of anomalous 
sample NMS1. Classification was done based upon the Greengenes taxonomy (adapted to mothur 
from (Werner, Koren et al. 2012)) with the naïve Bayesian classifier implemented in mothur (Wang 
algorithm). 
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Figure 5-5. Relative abundance of methanotrophic families within the rarefied dataset. Bar heights 
represent means of duplicate (Inoculum and all post samples) or triplicate (pre samples) reactors. 
Error bars represent the respective standard deviations. Bars with equal letters are not significantly 
different at the 95% significance level. 
 
Figure 5-6. MOB diversity microarray results. 
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Overall, partial constrained correspondence analysis (pCCA) showed that the global 
community structure of samples at t3 with an added CPA is closer to the inoculum (t0) and 
results after the first incubation (t1) and significantly (p = 0.01) correlates with an increased 
recovery of MOR (Figure 5-7). This analysis ‘partials’ out the effect of the medium and 
allows to observe only the effect of CPA addition. 
 
Figure 5-7. Partial Constrained Correspondence Analysis ((p)CCA) ordination graph for the MOB 
community. The analysis was constrained (26% of total inertia) on the MOR (p = 0.01) and 
conditioned (2% of total inertia) on media (NMS/dNMS). The red arrow represents increasing MOR. 
Shapes with a dark color represent samples incubated with NMS whilst shapes with a light color 
represent samples incubated on dNMS. The green triangles correspond to the samples cryopreserved 
without CPA (t3). Orange/gold circles represent samples cryopreserved with DMSO+TT (t3). Purple 
diamonds represent samples cryopreserved with only DMSO as a CPA (t3). Blue circles represent 
samples after the reference activity test (t1) and red squares represent the original inoculum (t0). 
Clusters of samples are highlighted. The distance between individual samples was calculated based 
upon the abundance-based Jaccard index 
3.2. OLAND mixed community 
The functional autotrophic microorganisms in OLAND include AerAOB and AnAOB (Figure 
5-3B). AerAOB had a complete specific activity recovery when DMSO+TT was used as a 
CPA (94.4±9.6%, p=1) whilst only 71.0±9.9% was obtained without addition of CPA and 
only 65.1±10.4% was obtained when DMSO without TT was used as a CPA. AnAOB activity 
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was recovered up to 36.1±8.6% with DMSO+TT as a CPA and up to 25.0±7.7% with only 
DMSO as a CPA. The initial specific activity was not recovered without CPA addition 
(0.7±10.4%). Finally NOB activity was best retained when no CPA was added (92.4±20.3%, 
p=0.95) whilst only 53.1±11.6% or 47.4±11.7% was recovered with DMSO and DMSO+TT, 
respectively. 
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Figure 5-8. Phylogenetic tree of OTU consensus sequences in the OLAND samples. Sequences were 
aligned using the mothur implementation of the NAST algorithm with the Silva v102 reference 
alignment. RAxML was used to construct an extended majority rule bootstrap consensus tree with the 
GTR + GAMMA substitution model and 1000 bootstrap iterations. This bootstrap consensus tree was 
visualized using iTol. The colored bars represent log transformed absolute abundances with the log 
transformation as suggested by Anderson and colleagues (Anderson, Ellingsen et al. 2006) with base 
10. Before transformation the samples were rarefied to the lowest sequence count.. Classification was 
done based upon the Greengenes taxonomy (adapted to mothur from Werner, Koren et al. (2012)) 
with the naïve Bayesian classifier implemented in mothur (Wang algorithm). Figure on previous 
page.  
All OTUs that could be classified as AerAOB were representatives of the Nitrosomonadaceae 
family, more specifically Nitrosomonas sp.. The AnAOB-OTUs were represented by the 
Brocadiaceae family, and more specifically by Candidatus Brocadia sp.. NOB were 
representatives of Nitrospiraceae family, more specifically Nitrospira sp.. Overall, the 
conditions where DMSO+TT was added as a CPA allowed for the best recovery after 
cryopreservation of all of the OLAND “functional” partners. The differences in relative 
abundance between no CPA and DMSO were rather minute (Figure 5-9). 
The main constituents of the OLAND mixed community were representatives of the 
Comamonadaceae, Flavobacteriaceae, Nitrosomonadaceae, Rhodocylaceae and OD1 
incertae sedis families as well as the Bacteroidetes order (Figure 5-8). Overall, most OTUs 
occurred in each condition irrespective of CPA addition, and only 15% of OTUs (representing 
5.3% of total sequences) were not detected in at least one of the experimental conditions 
(Figure 5-8). Most of the OTUs that did not occur in every condition required the addition of 
a CPA to persist after cryopreservation. In the samples where a CPA was added, global 
community dissimilarity to the inoculum was lower, regardless of the type of CPA used 
(Figure 5-13B). 
3.3. Fecal microbiome 
The overall SCFA concentration profile remained nearly identical (Permutation Hotelling T² 
p-value: 0.69) between t1 and t3 (Figure 5-3C), although the total concentration was 
significantly lower (p<0.0001). Initial metabolic activity was reduced to 50.1±3.9% if no 
CPA was employed, and to 52.5±1.4% with DMSO or to at 51.9±1.9% with DMSO+TT 
(p=0.58). This decrease in total SCFA levels primarily originated from a decrease in acetate 
from 25.4±0.7mM (n=2) to 10.2±0.7mM (n=4) without CPA (p<0.0001), 11.2±0.6mM (n=3) 
on DMSO (p<0.0001) and 11.1±0.8mM (n=4) on DMSO+TT (p<0.0001). Compared to the 
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initial levels (4.98±0.01mM (n=2)) propionate levels were highest without CPA addition 
(70.5±2.8%, 3.5±0.1mM (n=4)) and only slightly lower with DMSO (69.1±5.7%, 3.4±0.3mM 
(n=3), p=0.51) or DMSO+TT (67.3±3.5%, 3.4±0.2mM (n=4), p=0.87). Finally, the 
concentration of butyrate was highest with DMSO+TT (1.8±0.2mM (n=4)), which was 
42.0±5.5% of the initial 4.2±0.07mM (n=2) while DMSO and no CPA resulted in 1.7±0.2mM 
(n=3) and 1.7±0.2mM (n=4), respectively. 
 
 
Figure 5-9. Relative abundance of relevant families for the OLAND process within the rarefied 
dataset. 
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Figure 5-10. Phylogenetic tree of OTU consensus sequences in the fecal material samples. 
Sequences were aligned using the mothur implementation of the NAST algorithm with the Silva v102 
reference alignment. RAxML was used to construct an extended majority rule bootstrap consensus 
tree with the GTR + GAMMA substitution model and 1000 bootstrap iterations. This bootstrap 
consensus tree was visualized using iTol. The colored bars represent treatment-wise means (n=2 
except for fecal inoculum n=1) of the log transformed absolute abundances with the log 
transformation as suggested by Anderson and colleagues (Anderson, Ellingsen et al. 2006) with base 
10. Before transformation the samples were rarefied to the lowest sequence count. Classification was 
done based upond the Greengenes taxonomy (adapted to mothur from Werner, Koren et al. (2012)) 
with the naïve Bayesian classifier implemented in mothur (Wang algorithm).  
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The most abundant microorganisms in the fecal microbiome were representatives of the 
Lachnospiraceae, Bacteroidaceae, Ruminococcacae, Enterococcaceae, Enterobacteriaceae, 
Verrucomicrobiaceae, Bifidobacteriaceae and Clostridiales Family XI. Incertae sedis 
families (Figure 5-10). A total of 18 different families, with documented associations with the 
fermentative metabolism in the gut, were investigated for their relative abundance before and 
after cryopreservation (Figure 5-11). Variable results were obtained in the different taxonomic 
groups. Similar to the MOB and OLAND mixed community, most OTUs from the fecal 
microbiome remained present in all experimental stages and conditions, irrespective of CPA 
addition (Figure 5-10). Of all observed OTUs, 29% (representing 8.5% of total sequences) 
were not detected in at least one of the experimental conditions (pre-freezing, post-freezing 
with or without CPA). This percentage excludes the OTU presence in the fecal inoculum due 
to the drastic change of the community upon first cultivation. Addition of CPA during 
cryopreservation of the fecal biomass was necessary to maintain comparable community 
dissimilarities to the reference activity test (Figure 5-13D), but differences in community 
dissimilarity between the conditions with and without CPA were not significant (p=0.24). 
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Figure 5-11. Relative abundance of relevant families for the SCFA production within the fecal 
community within the rarefied dataset. Classification was done with the SILVA v111 database and 
the SINA aligner. Axes are not constant. The error bars represent the standard deviation of biological 
duplicate incubations. The fecal inoculum is displayed, as a reference (n = 1). 
 
Overall, constrained correspondence analysis (CCA) showed that the global community 
structure of samples with an added CPA at t3 is moderately closer to the samples after the first 
incubation (t1). No significant correlations with VFA production were found with marginal 
effects permutation tests however with sequential effects a significant correlation was found 
with an increased recovery of acetic acid production (Figure 5-12). 
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Figure 5-12. Constrained Correspondence Analysis (CCA) ordination graph for the fecal 
community. The fecal inoculum was removed from the analysis. The analysis was constrained (81% of 
total inertia) on the concentrations of acetic acid (p = 0.02), propionic acid (p = 0.37) and butyric 
acid (p = 0.76). The red arrows represent increasing SCFA concentrations. The green triangles 
correspond to the samples cryopreserved without CPA (t3). Orange/gold circles represent samples 
cryopreserved with DMSO+TT (t3). Purple diamonds represent samples cryopreserved with only 
DMSO as a CPA (t3). Blue circles represent samples after the reference activity test (t1) and The 
distance between individual samples was calculated based upon the abundance-based Jaccard index. 
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Figure 5-13. Average abundance-based Jaccard (Ružička) distances between experimental stages 
and conditions. The distances are displayed for MOB biomass cultivated on NMS (A), dNMS (C), 
OLAND biomass (B) and fecal biomass (D). The reference represents the distance between t0 and t1 
whilst the other bars represent the distance between t0 and the several conditions at t3. Error bars (for 
MOB and fecal samples) represent standard deviations (n=4 in A, n=6 for reference in C and 4 for 
the other means, n=4 in D). No reference is available for the OLAND biomass because timepoint t1 
was not assessed using Illumina. 
4. Discussion 
The aim of this research was to evaluate a cryopreservation design allowing availability of a 
functionally and structurally reproducible inoculum for scientific and technological 
applications. A satisfactory recovery of specific activity of the three bacterial mixed 
communities studied was achieved. A critical evaluation of the community structure and 
differences in relative abundances or membership of the community constituents confirmed 
community stability, thus guaranteeing functionalities in future performance in distinct set-
ups. 
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4.1. CPA addition enhances fast recovery of autotroph-driven consortia 
Previous work on pure cultures of fastidious bacteria, such as AnAOB (Heylen, Ettwig et al. 
2012), AerAOB (Hoefman, Pommerening-Roser et al. 2013), NOB (Vekeman, Hoefman et 
al. 2013) and MOB (Hoefman, Van Hoorde et al. 2012) has shown that these bacteria require 
addition of the appropriate CPA for survival during cryopreservation (Heylen, Hoefman et al. 
2012). This was indeed confirmed with the MOB mixed culture and the AnAOB and 
AerAOB (with DMSO+TT) in the OLAND mixed community. Gel-entrapped AerAOB and 
NOB (denitrifying sludge) were previously shown to have better preservation in the absence 
of a CPA (Vogelsang, Gollembiewski et al. 1999). However neither DMSO nor DMSO+TT 
were evaluated for the gel-entrapped sludge. Also, in the current study, OLAND biomass was 
not gel entrapped but part of a RBC biofilm. In contrast to the findings on gel entrapped 
AerAOB, addition of a CPA (DMSO+TT) enabled AerAOB recovery comparable to the 
initial activity in this experiment. The increase in activity recovery on DMSO+TT and the 
reduced recovery on DMSO alone corroborate with earlier findings for Nitrosomonas spp. 
(Hoefman, Pommerening-Roser et al. 2013) for preservation at -80°C. No pre-preservation 
growth was executed with TT medium, which is known to enhance activity recovery of 
certain Nitrosomonas spp. (Hoefman, Pommerening-Roser et al. 2013). Earlier findings for 
AnAOB showed that addition of TT along with DMSO without any pre-incubation enhanced 
recovery over DMSO without TT (Heylen, Ettwig et al. 2012). These findings aid in 
elucidating the overall impact of the time point of carbon addition to the preservation 
medium, which remain poorly understood. 
The findings for NOB corroborate with earlier findings for gel entrapped NOB, since their 
best activity recovery was realized without CPA, as well as with more recent findings, where 
nearly all NOB strains resuscitated well after cryopreservation without addition of a CPA 
(Vekeman, Hoefman et al. 2013). Furthermore, it has been shown that the optimal DMSO 
concentration for cryopreservation of certain NOB is 10% (v/v) whereas in the current study 
only 5% DMSO was evaluated (Vekeman, Hoefman et al. 2013). 
Previous research on cryopreservation of the entire OLAND consortium at -20°C showed that 
AnAOB activity recovery failed (Vlaeminck, Geets et al. 2007). To our knowledge, the 
current work is the first report of a successful AnAOB activity recovery after 
cryopreservation of the OLAND mixed community, however previous reports of 
cryopreservation of both aggregated and single-cell highly enriched AnAOB cultures exist 
(Heylen, Ettwig et al. 2012).  
Chapter 5 
 146 
C
H
A
P
T
E
R
 5
 
For the fecal biomass, the SCFA production is a result of the saccharolytic metabolism of 
several cross-feeding heterotrophic bacteria in the community. Because of the high 
community diversity, the non-fastidious nature of heterotrophic bacteria and the rich 
nutritional background from where this mixed culture originated, the biomass seemed to be 
more ‘robust’ to cryopreservation. This was clearly demonstrated by the fact that addition of a 
CPA did not markedly improve activity recovery. The finding that a heterotrophic microbial 
consortium was not aided in fast recovery by the addition of a CPA is in contrast with earlier 
findings (Laurin, Labbe et al. 2006) for methanol-fed denitrifying biomass. 
4.2. Preserving community structure 
It has been established that different preservation conditions (i.e. a different CPA) influence 
the success of cryopreservation with a great variability among pure cultures on a species- or 
even strain-level (Smith and Ryan 2008). In the case of the mixed methanotrophic 
community, both the effects of cryopreservation on the key ecosystem drivers (the MOB) as 
well as the peripheral heterotrophic community (Hanson and Hanson 1996; Hrsak and 
Begonja 2000; Murase and Frenzel 2007; van der Ha, Vanwonterghem et al. 2013; Ho, de 
Roy et al. 2014) are of interest. Concerning the mixed community drivers, type I MOB 
(Gammaproteobacteria) and type II MOB (Alphaproteobacteria) show distinct 
ecophysiological features (Hanson and Hanson 1996) and have been suggested to possess 
different life strategies (Ho, Kerckhof et al. 2013). Hence, to allow a mixed methanotrophic 
culture to perform in a broad range of circumstances, representatives of both type I and type II 
MOB should be preserved during cryopreservation. Both gamma- and alphaproteobacterial 
MOB were recovered after cryopreservation. Methylocystaceae (Alphaproteobacteria) did not 
require addition of a CPA to maintain relative abundances in the mixed culture. As our 
analyses were DNA-based, it is possible that the detected alphaproteobacterial MOB are part 
of the microbial seed bank in the reactor (as previously demonstrated for soils (Eller, Kruger 
et al. 2005; Krause, Lüke et al. 2012)). Alphaproteobacterial MOB are known to have more 
persistent resting cells than gammaproteobacterial MOB (Whittenbury, Phillips et al. 1970); 
hence, the addition of a CPA does not influence their cryopreservation. This is in agreement 
with the diagnostic microarray results where the least changes in MOB diversity occurred 
when no CPA was added (the micro-array was only run on the NMS samples) and where 
Methylocystis sp. (strain M or related) was reduced in relative abundance when no CPA was 
added (Figure 5-6). 
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It has been shown that methanotrophs support heterotrophic bacteria by supplying the carbon-
source for methanotrophic mixed culture. Little is known about the interactions between the 
methanotrophs and heterotrophs (van der Ha, Vanwonterghem et al. 2013). Nonetheless, 
these interactions are very specific (Hrsak and Begonja 2000; Iguchi, Yurimoto et al. 2011; 
Stock, Hoefman et al. 2013; van der Ha, Vanwonterghem et al. 2013) and allow for 
adaptability to a broad range of conditions (Hrsak and Begonja 2000). Because of the 
importance of these interactions (Hrsak and Begonja 1998; Helm, Wendlandt et al. 2006; Su, 
Xia et al. 2014), investigation of the total community structure before and after 
cryopreservation was performed within the scope of this study. Although, a differential 
impact was seen on 21% of the MOB community, this was not linked to phylogeny, even at 
the genus level. For instance, most OTUs classified as Methylotenera occurred in every 
experimental condition, while others were enriched after cryopreservation, and even others 
required addition of a CPA for cryopreservation on dNMS. Furthermore, OTUs belonging to 
Devosia, Methylobacillus, Rubrivivax required a CPA for cryopreservation on NMS. All 
manipulations were performed at 4 °C to avoid DMSO cytotoxicity and, while some OTUs 
did not survive when DMSO alone was used as a CPA, no single taxonomic group was found 
to be more sensitive than others. 
The autotrophic drivers in the OLAND community consist of relatively small part of the total 
community, accounting for about 43-61% of the total bacteria in a RBC biofilm and 58-74% 
in a granule (Egli, Bosshard et al. 2003; Vlaeminck, Terada et al. 2010). For an OLAND 
RBC biofilm, AerAOB, AnAOB and NOB were present at 10-28%, 33% and <5% of total 
cells, respectively, as determined by FISH (Vlaeminck, Terada et al. 2010). In the current 
study, 6% of the total community could be classified as AerAOB, 10% as AnAOB and 0.1% 
as NOB. The comparatively low percentage of AnAOB might be due to underrepresentation 
of the Planctomycetes phylum in the current 16S rRNA gene sequence databases (Chiellini, 
Munz et al. 2013) or, until recently, the lack of a proper PCR protocol for the phylum 
(Cayrou, Sambe et al. 2013). Interestingly, even though NOB have a higher relative 
abundance with DMSO+TT after cryopreservation, their activity recovery was the lowest. 
This might result from a competition for nitrite with AnAOB that have the best activity 
recovery when DMSO+TT was used as a CPA. The increased activity recovery of AnAOB 
could result from the effect of DMSO on the phospholipid bilayer (Fuller 2004) of 
intracytoplasmatic membranes which contain the key enzymes for ammonium oxidation 
(Hoefman, Pommerening-Roser et al. 2013). Besides the autotrophic functional community 
members, filamentous bacteria from the phylum Bacteriodetes and bacteria belonging to the 
Chapter 5 
 148 
C
H
A
P
T
E
R
 5
 
phylum Actinobacteria were described (Egli, Bosshard et al. 2003) in the OLAND biomass. 
However, not much is known about the role of the peripheral heterotrophic community in the 
OLAND community. The current OLAND community shows presence of both 
Actinobacteria and Bacteroidetes. Only one genus required CPA addition for every 
representative to be cryopreserved: Leptonema. Some, but not all, unclassified Rhizobiales 
required the addition of TT to DMSO whereas this addition was a prerequisite for the 
recovery of the sole representative of the Bdellovibrionales order. All representatives of 
Geosporobacter thermotalea, Thauera, Anaerovorax, Methylomonas, Peptinophilus, 
Bacteroides and Desulfovibrio were enriched after cryopreservation. The only representative 
of the Veillonella genus occurs only after cryopreservation with a CPA. Apart from the 
general peripheral heterotrophic community, peripheral methylotrophs such as MOB were 
also detected in OLAND biomass (Ho, Vlaeminck et al. 2013), and could mitigate methane 
emissions from the OLAND WWTP. Gammaproteobacterial MOB were detected in all 
conditions after cryopreservation up to 0.05% of relative abundance in the conditions where 
DMSO and DMSO+TT were added. 
In the fecal community, many different taxonomic families were implicated in the SCFA 
production. Because of the high diversity and number of representatives in most taxonomic 
levels, no clear influence of cryopreservation on taxonomic group representation in the fecal 
microbiome was discerned. The only existing study on cryopreservation of vertebrate fecal 
biomass shows that addition of a CPA aided in recovery of the growth of bacterial cells 
(Waite, Deines et al. 2013). 
Some OTUs (8% (MOB, OLAND) to 15% (Fecal community)) were not detected at t0 but do 
occur at t1 or t3. The most probable explanation is a very low sequence count of these OTUs 
in the initial inoculum which might have been either processed out in OTU binning or 
“rarefied out” when subsampling to lowest sample sequence count. 
In contrast to the investigation of individual (taxonomic) community changes, the assessment 
of overall community structure is a more robust approach to uncover community structure. 
This approach has a greater ecological and methodological relevance as it aims at quantifying 
the global community changes rather than relying upon classification and taxonomy. It is 
clear that the Jaccard dissimilarity was less when a CPA was added during cryopreservation 
for each of the evaluated microbial cultures. Constrained canonical correspondence analysis 
integrates both functionality and community structure data. This analysis supports the 
conclusions from the comparison of Jaccard dissimilarities. 
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5. Conclusion & perspectives 
A cryopreservation protocol for mixed microbial cultures was evaluated over three months 
with three different bacterial mixed cultures. The use of DMSO + trehalose and tryptic soy 
broth as a CPA consistently gave the best success rate although the cryopreservative was not 
necessary to obtain adequate cryopreservation of fecal material. The functionality recovery in 
a three-month cryopreservation experiment was previously shown to be similar in longer 
duration experiments (6-12 months; Hoefman, Van Hoorde et al. (2012)). 
From an ecological point of view, even with CPA addition, not all OTUs were preserved. 
However, no significant differences in overall community structure were found. Although a 
perfect preservation of community structure was not obtained, one might question the 
importance of a single OTU in the community structure if taxonomically related (and hence 
possibly functionally redundant) OTUs are still present in the community, as was observed 
here. However, to allow the community to perform under different circumstances and 
possibly even different functionalities than the ones evaluated here, as many OTUs as 
possible should be retained. Hence, when cryopreserving mixed microbial communities, 
community structure should always be verified pre- and post-freezing and benchmarked with 
the biological dynamics in community structure, as performed in the current experiment as 
well. 
From a biotechnological point of view, CPA addition was necessary for fast and reproducible 
activity recovery. Only with the fecal material, optimization of the method is necessary. 
Overall a reproducible storage method was found where addition of DMSO+TT as a CPA 
outperforms the limited state-of-the art preservation techniques for mixed microbial cultures. 
As adequate activity recovery can be obtained without introduction of an extended lag phase, 
undoubtedly this methodology will boost the use of mixed cultures in biotechnological 
applications. 
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CHAPTER 
  6
GENERAL DISCUSSION AND CONCLUSIONS 
 
 
 
1. General research outcomes and positioning of this research.  
1.1. Positioning of this research 
Methane (CH4) is a greenhouse gas (GHG) with important contributions to climate change 
(Ciais, Sabine et al. 2014): CH4 could contribute up to 20% of the global warming effect 
(Yusuf, Noor et al. 2012). The atmospheric CH4 mixing ratio continues to increase in 
magnitude (Nisbet, Dlugokencky et al. 2014) which can be attributed to the disruption of the 
atmospheric CH4 budget from anthropogenic activity since pre-industrial times (Kirschke, 
Bousquet et al. 2013; Ciais, Sabine et al. 2014). However, due to the relatively short 
atmospheric lifetime of CH4, the CH4 budget could be balanced by a relatively modest 
decrease of 6% in global CH4 emissions (Jardine, Boardman et al. 2004). Interestingly, in 
both natural and engineered systems methane oxidizing bacteria (MOB) are found to attenuate 
CH4 release to the atmosphere, making them viable target organisms to achieve mitigation of 
anthropogenic CH4 emissions. 
While axenic MOB isolates are interesting organisms for the study of biological methane 
oxidation, increasing evidence points out that methanotrophic interactomes (consisting out of 
MOB and non-MOB partners) may outperform the axenic cultures and be the actual drivers of 
biological methane oxidation rather than a single MOB (Stock, Hoefman et al. 2013; van der 
Ha, Vanwonterghem et al. 2013; Ho, de Roy et al. 2014; Oshkin, Beck et al. 2015).  
The goal of this dissertation was to investigate the composition and possible interactions in 
methanotrophic interactomes. Ultimately, an increased understanding of these essential 
interactions for biological CH4 oxidation may lead to an improved microbial resource 
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management (MRM, Read, Marzorati et al. (2011)) and hence biotechnological applications 
of the MOB:non-MOB interactome (Jagmann and Philipp 2014; Pandhal and Noirel 2014; 
Verstraete 2015).  
1.2. Main research outcomes 
The main subject of this dissertation are methanotrophic interactomes between methane 
oxidizing bacteria and non-MOB partners. 
In a first part of the dissertation, a lab-enriched MOB interactome was dissected in a top-
down approach by means of stable isotope probing at shorter timescales than previously 
reported. In Chapter 2 it was observed that 
13
CH4-derived carbon is differentially distributed 
among interactome partners through time. Therefore, it was hypothesized that the most 
intricately associated non-MOB partners would be the first to assimilate 
13
CH4-C and could 
hence be considered “primary consumers” whereas organisms labelled later in the time-course 
SIP experiment are more loosely associated with the MOB and may be “secondary 
consumers” of organic carbon derived from both the MOB and the primary consumers. This 
finding could become of significance for interactome MRM, if the biotechnological 
application of secondary partners is the ultimate goal.  
The experiments second part of the dissertation set out to assemble the methanotrophic 
interactome de novo, by means of two bottom-up approaches. In Chapter 3 a supervised 
assembly approach was used where partners for the MOB were selected based upon their 
initial compatibility and subsequently subjected to repeated sub-cultivation cycles. 
Interestingly, no adaptation of a moderately compatible partner to MOB (or vice versa) could 
be observed during repeated co-cultivation with a gammaproteobacterial MOB. Conversely, 
clear (though limited) adaptation was observed with an alphaproteobacterial MOB. 
Regardless of its initial compatibility with the MOB, a third partner nearly always completely 
obliterated the non-MOB partner in an existing MOB:non-MOB interactome. In Chapter 4, an 
unsupervised interactome assembly approach was employed. Here, 8 non-MOB partners had 
to compete for CH4 derived carbon from either an alpha- or gammaproteobacterial MOB 
during repeated cycles of co-cultivation. A clear partner selection was observed where some 
of the persisting partners were “promiscuous” and could persist regardless of MOB type , 
whereas others were more specifically associated with either MOB type. Additionally, alpha- 
and gammaproteobacterial MOB were found to differentially route CH4-derived carbon to the 
interactome. Finally, while repeated co-cultivation did not significantly impact the magnitude 
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of overall methane oxidation rates (MOR), it did appear to stabilize the biological variability 
in MOR as compared to axenically grown MOB. Finally, mining of the interactome partner’s 
genomes revealed clues on partner selectivity such as the importance of a gene encoding for 
cobalamin importers. Overall, unsupervised interactome assembly approaches should be 
preferred, as they specifically restrict only non-MOB partners that can persist with the MOB 
and other non-MOB partners.  
Finally, in a third part of this dissertation new storage methods for interactomes were 
investigated. If an optimal combination of interactome partners for specific biotechnological 
applications can be found, it is of great interest to preserve a reproducible sample of it for 
extended periods of time. Therefore, in Chapter 5 an optimized cryopreservation protocol for 
storage of mixed microbial cultures is described, which adequately preserved both community 
structure and functionality of a methanotrophic interactome (among others) for 3 months at -
80°C.  
1.3. Methanotrophic interactomes and sustainable methane cycling. 
One of the main underlying motivations of the research within this thesis was to investigate 
how microbial partnerships can increase sustainability of methane cycling. One of the 
methods used to investigate this was de novo assembly of methanotrophic interactomes by 
combining MOB with non-MOB partners (Chapters 3 and 4). While there are indications that 
increased diversity enhance methane oxidation rates (Ho, de Roy et al. 2014) and that in a 
natural ecosystem a methanotrophic community (consisting of MOB and non-MOB) rather 
than a single MOB is responsible for methane cycling (Oshkin, Beck et al. 2015), which give 
implications that microbial partnerships make biological CH4 oxidation more efficient and 
hence more sustainable, in this manuscript underlying reasons and mechanisms for these 
interactions were investigated. Ultimately, by an improved microbial resource management 
(Read, Marzorati et al. 2011) optimal methanotrophic interactomes could be assembled which 
perform a more sustainable biological methane mitigation and methane biofiltration (Jiang, 
Chen et al. 2010; Ganendra, Mercado-Garcia et al. 2015). Although a boost in MOR by 
adding non-MOB was not observed (Chapter 4, section 2.3), this may have been a density-
dependent effect (Jeong, Cho et al. 2014). The (limited) adaptation of LMG26262 to its fixed 
partner in Chapter 3, section 3.2 could indicate that sustainable CH4 oxidation can be evolved 
using synthetic ecosystems in the lab. Nevertheless, in Chapter 4, section 2.3 a reduced 
variability in MOR was observed, which is essential for application of the interactome in 
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sustainable CH4 biofiltration. Furthermore, interactomes could be assembled to contain non-
MOB partners able to remove other unwanted compounds in the CH4 containing waste-stream 
(such as landfill or coal gas, Jiang, Chen et al. (2010)). Given the requirement for oxygen 
(Equation 1-2), interactions with algae can also increase economic sustainability of CH4 
oxidation (van der Ha, Nachtergaele et al. 2012). Ultimately, looking at the results of 
Chapters 2, 3 and 4 specific synthetic interactomes could be assembled to even further 
increase economic sustainability of CH4 cycling, if non-MOB partners can be microbes 
manufacturing specific products with high economic value. Given the results of Chapters 3 
and 4 the use of alphaproteobacterial rather than gammaproteobacterial MOB may be 
essential to develop such interactomes.  
2. The mode of interaction between MOB and non-MOB partners 
Overall, this dissertation mainly investigated co-occurrence and differential abundance among 
MOB and their non-MOB partners. While these co-occurrence patterns are interesting and 
genomic information can infer clues for possible underlying selective mechanisms (Chapter 
4), they do not conclusively show which molecules are being exchanged. However, based 
upon time-resolved co-occurrence as in Chapter 2 it is interesting to observe the most intricate 
association between MOB and methylotrophic non-MOB of the Methylococcaceae and 
Methylophilaceae families, which confirms earlier reports of frequent co-occurrence of these 
two groups (He, Wooller et al. 2012; Hernandez, Beck et al. 2015; Oshkin, Beck et al. 2015). 
The tight association between MOB and methylotrophic non-MOB could be determined by 
the sensitivity of MOB to CH3OH (section 2.2.1 of Chapter 1). While sensitive MOB may be 
relieved from CH3OH stress by associations with methylotrophic non-MOB, they could also 
be relieved by CH3OH-insenstive MOB. However, in the last case a competition for the 
available CH4 may render this interaction less favourable. We did not observe a clear link 
between initial partner compatibility of non-MOB partner strains and described 
methylotrophic metabolism in their respective genera (Chapter 3), although generally the 
highly compatible strains had a higher representation of methylotrophs in their genera. 
Furthermore, genome mining did not show clear distinctions in methylotrophic metabolism 
for persisting or non-persisting non-MOB partners in Chapter 4, where genes for sugar 
metabolism and genes involved in vitamin B12 transport were reported to be distinctive. 
However, it is of importance to consider that the metabolism of C1 compounds by non-MOB 
partners doesn’t necessarily need to be sensu stricto methylotrophic: rather than anabolic and 
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catabolic coupling of C1 metabolism (i.e. as carbon- and energy source), catabolic 
demethylation and reduction to CO2 to generate reducing equivalents is an alternative 
physiological mode of C1 metabolism. In distinction to obligate and facultative 
methylotrophs, we will further refer to these organisms as methylovores (Sun, Steindler et al. 
2011). In this way we hypothesize that the MOB could supply electron donors to e.g. the 
SAR11 pelagic Alphaproteobacteria (Sun, Steindler et al. 2011) and Thermomonas spp. (Wei, 
Ye et al. 2015) or both electron donor (C1 compounds) and carbon source (CO2) to 
autotrophic methylovores such as Methylonatrum kenyense (Sorokin, Trotsenko et al. 2007). 
Furthermore, (facultative) methylotrophic metabolism may be more wide-spread than 
previously thought, with new methylotrophs (and methylovores) being isolated over time 
(Boden, Thomas et al. 2008; Chistoserdova, Kalyuzhnaya et al. 2009; Chistoserdova 2011; 
Hung, Wade et al. 2011). Hence, as knowledge of methylotrophic metabolism increases, new 
enzymes involved pop up. A nice example is XoxF, a methanol dehydrogenase (MDH) 
homolog whose function was initially unknown (Chistoserdova 2011), XoxF was found to 
require rare-earth elements (REE) of the lanthanide series which precluded clarification of its 
functionality (Keltjens, Pol et al. 2014). Nevertheless, REE-dependent XoxF-MDH is 
presumed to have a higher catalytic activity than conventional MxaFI-type MDH (Wu, 
Wessels et al. 2015; Chu and Lidstrom 2016). Furthermore, XoxF-type MDHs are quite wide-
spread among bacteria in the environment, leading to a higher diversity of methylotrophic 
organisms than could be expected based upon conventional MxaFI-MDHs (Minamisawa, 
Imaizumi-Anraku et al. 2016). Therefore, it is not unthinkable that yet undiscovered 
mechanisms of methylotrophy (or methylovory) exist, precluding a clear view on the 
mechanism of the MOB:non-MOB reciprocal selectivity observed in Chapters 3 and 4. 
Interestingly, the formation and excretion of soluble EPS/soluble sugars by MOB (van der Ha 
2013; Khmelenina, Rozova et al. 2015) may be another selective mode of interaction between 
MOB and non-MOB given the findings from genome mining in Chapter 3. Additionally, 
synthesis of extracellular polymeric substances (EPS) could be performed by the MOB in, 
which were generally supplied with excess CH4, resulting in the excretion of sugar-based 
polymers as a way to shunt toxic formaldehyde out of the MOB cells (Huber-Humer, Gebert 
et al. 2008) which additionally reduces oxygen diffusion (Hilger, Cranford et al. 2000), de 
facto creating a micro-aerobic environment for the MOB (which can hence differ from the 
oxygenated bulk environment). It could be hypothesized that in these hypoxic EPS micro-
environments CH4 metabolism may switch from respiratory to fermentative (Kalyuzhnaya, 
Yang et al. 2013) thereby releasing interesting metabolites such as organic acids and ethanols 
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to non-MOB partners. Finally, the role of cobalamin in MOB:non-MOB interactions requires 
further attention (Chapter 3, Iguchi, Yurimoto et al. (2011)).  
3. Alpha- and gammaproteobacterial MOB differentially mediate 
interactions with their non-MOB partners 
From the results of Chapters 3 and 4 it is clear that the alpha- and gammaproteobacterial 
MOB employed in this dissertation (Methylosinus sp. LMG 26262 and Methylomonas 
methanica NCIMB 11130
T
 respectively) had a differential impact and selectiveness towards 
their non-MOB partners. Whether this is an effect specifically associated to these strains, or 
rather typical characteristics of their respective phylogenetic groups still needs to be 
determined. However, generally our conclusions were in accordance with the presumed life 
strategies of these groups (Ho, Kerckhof et al. 2013): the highly competitive 
gammaproteobacterial M. methanica was less prone to mutually beneficial associations than 
the stress-tolerator alphaproteobacterial Methylosinus. Typically observed beneficial mixing 
ratios of MOB:non-MOB tend to support this hypothesis (Iguchi, Yurimoto et al. 2011; 
Jeong, Cho et al. 2014).  
Rather than stimulatory impact of non-MOB partners on MOR (Ho, de Roy et al. 2014; 
Jeong, Cho et al. 2014) stabilization of the variability of the MOR was observed in Chapter 4. 
While no clear impact on headspace CO2 concentrations could be observed, a relatively 
greater amount of respiration to CO2 (by the additional respiration caused by non-MOB 
partners) may have been a stabilizing effect on MOR, certainly for alphaproteobacterial MOB 
which require CO2 for biomass assimilation through the serine cycle (Acha, Alba et al. 2002; 
Yang, Matsen et al. 2013). 
Further research is required to elucidate if and how the difference in CH4-derived carbon 
assimilation of alpha- and gammaproteobacterial MOB influences interactions with non-MOB 
partners. To do so, an extension of the experiments performed in Chapters 3 and 4 with a 
greater number of different and related proteobacterial MOB would be an interesting 
approach to determine if indeed these two groups of MOB have differential interactions with 
their non-MOB partners. To elucidate the underlying mechanisms however, the construction 
of a multi-species metabolic model could clarify exchange fluxes through e.g. dynamic flux 
balance analysis (dFBA, (Zhuang, Izallalen et al. 2011; Khandelwal, Olivier et al. 2013)). For 
a relatively simple 1:1 MOB:non-MOB interactome such a multi-species model could be 
readily formulated and parameterized. Tuning and validation of these analyses will require 
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high-throuhput time-resolved metabolomics (Lee, Gianchandani et al. 2006), which could be 
enhanced by using 
13
CH4 as a substrate. Furthermore, selective knock-outs could arrest the 
pathways of interest or transport molecules. The increasing development of genetic tools for 
methanotrophs (Ye, Yao et al. 2007; Smith and Murrell 2011; Crombie and Murrell 2014; 
Puri, Owen et al. 2015) can be applied to create mutants that can validate the hypotheses 
developed from community-wide metabolic models. 
4. Spatial heterogeneity, micro-niches and representativeness of the 
completely mixed batch incubations 
All experiments in this thesis were executed in batch incubations on a rotary shaker at 120 
rpm. This condition, just like the use of NMS rather than dNMS and 20% (v/v) CH4 in air in 
the headspace rather than lower CH4 or O2 concentration, was chosen to have no limiting 
factors which could preclude MOB growth. The shaking creates a turbulent flow of the 
medium inside the batch incubation bottles, which increases mixing of the liquid with the 
headspace and hence increases the gas-liquid transfer rates. Given the relatively low solubility 
of CH4 and O2 in NMS at 21-28°C these conditions were believed to be necessary to stimulate 
MOB growth. Both of the MOB were cultured lab “workhorse”-organisms (certainly NCIMB 
11130
T
), which were isolated in and accustomed to these cultivation conditions. However, 
generally, completely mixed conditions rarely occur in nature where MOB reside within 
sediments and soils at the oxic/anoxic interface or at the oxycline in stratified lakes (Hanson 
and Hanson 1996; Kolb 2009; Bowman 2014; Knief 2015). This also became apparent also 
when enrichment of MOB from e.g. North Sea sediment was rendered near impossible under 
non-static incubation while presence of sediment particles during enrichment was found to 
enhance MOR (Vekeman 2016). Hence, the great bias in the availability of MOB isolates as 
opposed to pmoA sequences retrieved by metagenomics approaches (Knief 2015) may reside 
in the fact that isolation and enrichment protocols are not representative for the natural 
conditions. For instance, the recent discovery of new spiral-shaped methane oxidizers 
required micro-oxic conditions and they were shown to exhibit chemotaxis towards CH4 in a 
semi-solid medium (Danilova, Suzina et al. 2016), illustrating the impact of cultivation 
conditions on the discovery of new MOB. However, how the lack of spatial heterogeneity 
potentially impacts research into MOB:non-MOB interactions still remains an open question.  
Regardless of the spatial heterogeneity, a tight physical association among MOB and non-
MOB partners may be required if direct metabolic exchange occurs. This could be illustrated 
Chapter 6 
 162 
C
H
A
P
T
E
R
 6
 
for instance by non-motile Methylobacterium-like methylotrophs “horse-riding” the mobile 
spiriloform MOB by a tight attachment to their cells (Danilova, Suzina et al. 2016). Other 
forms of tight association between MOB and non-MOB occur in biofilms or floc-like 
aggregates, which would create micro-oxic niches by diffusion barriers. In this case, 
fermentative methane metabolism (Kalyuzhnaya, Yang et al. 2013) could supply interesting 
metabolites for the non-MOB to proliferate within the methanotrophic interactome.  
On the other hand, if the exchanged metabolites between MOB and their non-MOB partners 
are gaseous (CO2, O2) or volatile, a tight association might not be required. Interesting in this 
respect are experiments and observations on the interaction between MOB and (micro)-algae, 
for instance photosynthetic algae creating a new niche for the MOB in the water column of a 
seasonally stratified anoxic lake (Milucka, Kirf et al. 2015) in this case, 
gammaproteobacterial MOB were free-living in the water column and benefiting from the 
photosynthetically produced oxygen. This was also exemplified by a two-stage separate algae 
and MOB reactor system with a shared headspace (gas-bridge) converting biogas to lipids and 
PHB, however in a one-stage system the MOB and algae did form tight associations into 
bioflocs (methalgae, van der Ha, Nachtergaele et al. (2012)). 
Ideally, future experiments should evaluate how the degree of spatial heterogeneity affects the 
extent of MOB:non-MOB partnerships. One approach may be to use CH4/O2 counter-gradient 
cultivation systems (Bussmann, Rahalkar et al. 2006; Krause, Lüke et al. 2012) with differing 
agarose concentrations in the semi-solid columns (with or without added sterile glass beads 
simulating soil or sediment sand particles (Danilova, Suzina et al. 2016)). Based upon clone 
libraries of the 16S rRNA gene Bussmann, Rahalkar et al. (2006) already observed a 
methanotrophic interactome containing Flavobacteria and Betaproteobacteria in association 
with to a gammaproteobacterial MOB with such a setup using 0.2% (w/w) agarose. 
Alternatively, incompletely mixed chemostat setups with baffles (intermittent or low rate 
stirring) could create micro-aerobic niches and wall growth (Wilkinson and Hamer 1974), 
certainly if operated in a retentostat mode (i.e. with biomass retention). Also here, the extent 
of homogeneity within the cultivation system can be regulated (even more easily than in 
gradient columns) and hence serve as a model parameter to explicit spatio-temporal 
modelling. This kind of modelling only becomes relevant under incomplete mixing and 
spatial heterogeneity, otherwise the system can just be described using ordinary (ODE) and 
partial differential equations (PDE). However, certainly in terms of fully parameterized 
individual-based models (IBM), mechanistic explanations and hypotheses for collaboration 
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and competition within the (methanotrophic) interactome could be found (Larsen, Hamada et 
al. 2012; Esser, Leveau et al. 2015).  
Nevertheless, despite their ecological relevance, interactome cultivation with a matrix or 
gradient system to introduce spatial heterogeneity may not be desirable for high-rate 
biotechnological product manufacturing applications where continuously stirred tank reactors 
(CSTR) are commonplace (Helm, Wendlandt et al. 2006). On the other hand different, more 
stratified, reactor designs have been applied for e.g. PHB production by MOB in a fluidized 
bed reactor (Pfluger, Wu et al. 2011; Pieja, Sundstrom et al. 2012) or SCP production with 
the U-loop reactor system (Prado-Rubio, Jørgensen et al. 2010). Additionally, the use of 
membrane biofilm reactors (MBfr) or membrane-aerated (with a CH4/O2 mixture) biofilm 
reactors (MABr) may be advantageous for biofilter-like applications (Hamer 2010; Modin, 
Fukushi et al. 2010; Sun, Dong et al. 2013). Miniaturization and multiplexing on a bench/lab-
scale of these reactor types could allow for a controlled heterogeneous continuous reactor 
system to inoculate with (synthetic) interactomes and assess MOB:non-MOB interactions. 
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1. Synthetic ecosystems 
Given the (extreme) niche differentiation observed at intergeneric, interspecific and even inter-
strain levels of MOB (Hoefman, van der Ha et al. 2014) as well as differentiation among other 
closely related non-methanotrophic methylotrophs (Jimenez-Infante, Ngugi et al. 2016) and 
non-methylotrophs (Johnson, Zinser et al. 2006) to enable distinct niche occupation, synthetic 
ecology approaches, as the ones employed in this dissertation can address hypotheses about 
the methanotrophic interactome where the standard molecular toolbox for microbial 
community dissection falls short. The synthetic ecosystems toolbox can additionally offer 
potential for industrial biotechnology: with a lower species diversity, biotechnological 
processes using a synthetic ecosystem possess higher reproducibility and controllability 
compared to natural mixed communities (De Roy, Marzorati et al. 2014). Synthetic 
communities also present a solution for typical problems encountered with pure cultures. 
Firstly, they can be designed to have a broader metabolic flexibility and catalyse different 
processes more efficiently by cooperative combination of metabolic pathways and enzymatic 
systems of different organisms. Secondly, the stability of synthetic communities is a 
consequence of both chemical and cellular interactions between the community members and 
is typically higher than that of axenic cultures (Jagmann and Philipp 2014; Pandhal and Noirel 
2014). Here I would like to advocate that future research on the methanotrophic interactome 
and its possible applications should greatly benefit from applying the engineering paradigm to 
synthetic methanotrophic interactomes (Figure 7-1). Additionally, the availability of the full 
genome of each constituent strain of a synthetic ecosystem (as in Chapter 4) is advantageous 
for other ‘omics’ applications to further unravel how gene-expression (metatranscriptomics) 
and translation to proteins (metaproteomics) is influenced by repeated co-cultivation and 
Chapter 7 
 168 
C
H
A
P
T
E
R
 7
 
possible adaptation of MOB and their partners in a methanotrophic interactome. Finally, 
defined synthetic ecosystems allow for proper modeling (e.g. by dynamic flux balance 
analyses, dFBA) and hence manipulation of the methanotrophic interactome (Larsen, Hamada 
et al. 2012; Jagmann and Philipp 2014; Widder, Allen et al. 2016). 
 
Figure 7-1. The engineering paradigm applied to artificial microbial communities, applied to 
methanotrophic interactomes (Pandhal and Noirel 2014). Measure: generate quantitative data about 
microbial adaptation and interaction mechanisms including sequencing and measuring DNA 
(genomics and metagenomics), mRNA (transcriptomics and metatranscriptomics) and proteins 
(proteomics and metaproteomics). Model: the measured data is integrated and then interpreted by 
building predictive models. Manipulate: microbial communities are designed based on models with 
specific outcomes in mind. For example, maximising growth of a specific species and minimising the 
risk of contamination. The circles in the figure represent microbial species and the lines their specific 
interactions. The black circle represents the producer(the MOB) and hence it requires the maximum 
metabolic functional capacity in this system. For example, two (non-MOB) bacterial species (grey 
circles) are introduced to increase growth and productivity of the producer through controlling 
competitors of the producer (white circles). A steady state is achieved with presence of all seven 
species in this hypothetical scenario. Manufacture/remediate: manufacture added value compounds 
and mitigate methane emissions. 
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The assembly of synthetic methanotrophic ecosystems (in e.g. microcosm communities, Foster 
and Bell (2012)) could rely on MOB:non-MOB partners which are hypothesized to closely 
cooperate in natural ecosystems (Oshkin, Beck et al. 2015). Close cooperation could drive co-
occurrence of MOB and their specific non-MOB partners (e.g: Chapter 2 and section 3.2 of 
Chapter 1 and more generally Fiegna, Moreno-Letelier et al. (2015) as well as Zelezniak, 
Andrejev et al. (2015), which may evolve to a co-dependent relationship (Morris, Lenski et al. 
2012). Hence, co-occurring and possibly co-dependent non-MOB partners could be 
prerequisites for MOB growth or at least stimulate it (Iguchi, Yurimoto et al. 2011). High-
throughput isolation techniques could be applied to obtain libraries of MOB and non-MOB 
which are known to be adapted to one another (Chapter 2). Alternatively, assemblies of co-
cultures without prior co-evolution were shown to stimulate growth (Stock, Hoefman et al. 
2013) and MOR (Ho, de Roy et al. 2014), hence synergetic interactions may not be limited to 
co-evolved MOB:non-MOB interactomes. Non co-evolved partners can have the advantage 
that they can be selected on characteristics such as complete genome availability or differing 
morphology to facilitate downstream analyses of the interactomes, as indicated above. 
Assembly of the methanotrophic interactomes should be performed at differing evenness 
levels between MOB and non-MOB to account for density-dependent effects (Jeong, Cho et 
al. 2014). Furthermore, it may be relevant to repeatedly introduce a partner into the 
methanotrophic interactome to allow it to outcompete other partners in a temporal assembly 
strategy. 
2. Continuous culture 
In Chapter 3, we could not properly assess the hypothesis of adaptation due to partner loss 
after repeated batch cycles of co-cultivation. This could have been avoided by means of a 
continuous co-culture system, where only interacting partners which can co-exist at a given 
dilution rate will persist. Hence, in future experiments a continuous cultivation system should 
be employed to ensure persistence of the partner (Namsaraev and Zavarzin 1972; Wilkinson, 
Topiwala et al. 1974; Lamb and Garver 1980). By modulating the chemostat parameters such 
as the dilution rate and possibly biomass retention, co-cultures can be selected for specific 
growth rates (µ). Addtionally, high throughput screening could be performed in cheap, 
custom built multiplexed chemostat arrays (Miller, Befort et al. 2013) or micro- and miniscale 
bioreactors (Lattermann and Büchs 2015), which have the additional advantage of an 
increased volumetric mass transfer (kLa) and maximum oxygen transfer capacity (OTRmax), 
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which would be highly advantageous given the gaseous form of the CH4/O2 substrate for 
aerobic methane oxidation. 
Additionally, chemostat-mode cultivation of MOB or non-MOB partners could supply 
interactome research with a continuous and reproducible stationary phase spent broth of either 
to elucidate if these cell-free supernatants could of MOB could stimulate non-MOB or vice 
versa. Additionally, a continuous flow of retentostat-mode (Tappe, Tomaschewski et al. 
1996) biomass-free effluent which may contain stimulatory metabolites at selected growth 
rates. Continuous reactors could supply enough effluent for thorough biochemical 
characterisation of metabolites exchanged in co-cultures. Therefore, I advocate that future 
methanotrophic interactome research should be performed in continuous rather than batch 
cultivation systems. 
3.  Alternative approaches to isolation of co-dependent microbes. 
Emergent properties may arise when microorganisms interact (e.g. interaction-induced 
production of metabolites: Watrous, Roach et al. (2012); Tyc, van den Berg et al. (2014); 
Abrudan, Smakman et al. (2015)) which could explain why the metabolites exchanged 
between MOB and their non-MOB partners have not been conclusively pinpointed so far 
based metabolome of axenic cultures of the partners. Specific systems developed for isolation 
of microbes which require partner microbiota have been developed based on techniques such 
as diffusion chambers and “microbial traps” as well as the isolation chip, consisting of 
miniaturized diffusion chambers (Kaeberlein, Lewis et al. 2002; Nichols, Lewis et al. 2008; 
D'Onofrio, Crawford et al. 2010; Epstein 2013). Hence, as a future research direction for 
better understanding of methanotrophic interactomes the use of diffusion chamber 
experiments (Figure 7-2) could elucidate if metabolite exchange over a semi-permeable 
membrane can stimulate growth of either the MOB, the non-MOB partner or both.  
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Figure 7-2. General view of a two-compartment chamber for co-cultivation of co-dependent strains. 
A tissue culture insert with a porous (0.02-µm) bottom is placed on the surface of a petri dish, 
providing the means to grow two pure microbial cultures in chemical contact with each other. The 
tissue culture inserts could contain non-MOB partners, inserted on MOB-inoculated plates and 
incubated under CH4 atmospheres, to assess stimulatory effects of MOB on non-MOB partners or 
vice-versa. 
Alternatively, in Chapter 2, 
13
CH4 stable isotope probing with a high time resolution was used 
to identify the most intricate partners involved with the assimilation of 
13
CH4 derived carbon. 
Selective isolation of these organisms from the active and highly enriched methanotrophic 
interactome could allow for re-assembly in a simplified synthetic ecosystem to assess 
hypotheses (Figure 1-10). Given the reduced cost for whole genome sequencing, the genomes 
of axenic isolates could be easily generated and employed in community-wide metabolic 
models (Chapter 6, Section 3). However, purification of these partners could prove to be 
challenging and possibly more advanced methods could be required. As combination of SIP 
with confocal Raman (and Raman-FISH) spectroscopy (Huang, Stoecker et al. 2007; Wagner 
2009; Muhamadali, Chisanga et al. 2015; Wang, Huang et al. 2016) could be highly 
advantageous to track the 
13
CH4 flow and cell sorting based upon 
13
C incorporation (as 
recently demonstrated for heavy water with optical tweezers (Berry, Mader et al. 2015)). With 
the recent advances in Raman-Activated cell sorting (Zhang, Ren et al. 2015), non-destructive 
detection and sorting with high subsequent cell viability could be used to separate labelled 
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partners from the methanotrophic interactome into single cells which could subsequently be 
cultivated in e.g. spent broth of axenically grown MOB (preferably the driving MOB from the 
interactome, directly isolated from it), if growth on general media is not possible. 
4. Reversing the roles: unsupervised partner selection from the 
perspective of the non-MOB. 
While supervised interactome assembly was not very successful (Chapter 3), in an 
unsupervised competition of the non-MOB for MOB CH4-derived carbon, clear partner 
selection patterns were observed (Chapter 4). While I suggested above to expand the 
supervised and unsupervised methanotrophic community assemblies to a wider range of 
methanotrophs I would additionally like to propose an experiment in which alpha- and 
gammaproteobacterial MOB could compete for a single (or multiple) partners in an 
unsupervised way. Here, the MOB do not co-depend on the partner for growth and energy 
though MOB which are stimulated more strongly in specific partnerships with the non-MOB 
will be able to prevail after repeated cycles of co-cultivation. In this setting, repeated co-
cultivation should be performed for an extended period of time, possibly aided by supplying 
the culture with an initial amount of organic carbon to sustain the non-MOB (e.g. 1% TSB), 
which would wash-out with repeated sub-cultivation or dilution in continuous culture. In a 
preliminary experiment using both NCIMB 11130
T
 and LMG26262 separately with the gfp-
tagged Pseudomonas putida SM1699 it was observed that this 1% TSB addition greatly 
influenced the abundance of P. putida after one week of co-cultivation (unpublished data), 
though no repeated cultivation or competition among the MOB for the P. putida was 
evaluated. 
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ABSTRACT 
 
 
  
Methane (CH4) is an important greenhouse gas, and the majority (ca. 60%) of its emission 
originates from anthropogenic sources. Methane oxidizing bacteria (MOB) are characterized 
by their unique ability to use CH4 as a sole carbon and energy source. Recently, accumulating 
evidence demonstrated that methane oxidation is stimulated when MOB are interacting with 
non-methanotrophic microbes. These interactions can be very specific, although it is not yet 
entirely elucidated what the determining factors to a successful partnership are. Hence, it 
seems that a methanotrophic interactome is required for effective biological aerobic methane 
oxidation, rather than individual obligate methanotrophic bacteria. 
In this dissertation, we focused on bacterial interactions between MOB and non-MOB and try 
to assess what are the determinants for non-MOB partner selection in the methanotrophic 
interactome. We focus specifically on representatives of alpha- and gammaproteobacterial 
MOB, which are known to exhibit differential functional traits which can in turn be 
conceptualized as distinct life strategies. The impact of these differences in MOB life 
strategies on interactions with non-MOB has not been studied. An increased insight in the co-
existence and the extent of co-dependence of MOB and non-MOB partners is required to fully 
understand the essential ecosystem service of biological methane oxidation. 
In PART 1 (TOP-DOWN APPROACH), we dissected a methanotrophic enrichment culture 
(optimal methanotrophic interactome) by means of time-resolved stable isotope probing 
combined with 454-pyrosequencing of the 16S rRNA genes to assess which interactome 
partners are most intricately involved in the assimilation of 
13
CH4-derived carbon. In PART 2 
(BOTTOM-UP APPROACH), we artificially assembled an optimal methanotrophic 
interactome by piecing together multiple non-MOB strains with MOB (co-cultivation). 
Firstly, we supervised the selection of MOB for non-MOB partners by establishing 
compatibility and matching selected MOB with non-MOB partners. Microbial adaptation and 
abundance of all partners was investigated using q-PCR. Secondly, we allowed an 
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unsupervised selection for non-MOB partners by the MOB and these interactions were 
monitored by DGGE. In PART 3 (CRYOPRESERVETION), we develop a cryopreservation 
protocol based on DMSO (and DMSO+TT) as a cryopretactant, which can used to adequately 
preserve optimal interactomes (preservation of key functional characteristics as well as 
composition) to allow possible biotechnological applications. 
In PART 1, we found that 
13
CH4-derived carbon is differentially distributed among 
interactome partners through time. We suggested that the most intricately associated non-
MOB partners would be the first to assimilate 
13
CH4-C and could hence be considered 
“primary consumers” of whereas organisms labeled later in the time-course SIP experiment 
are more loosely associated with the MOB and may be “secondary consumers” of organic 
carbon derived from both the MOB and the primary consumers.  
In PART 2a, we could not observe adaptation of a moderately compatible partner to MOB (or 
vice versa) during repeated co-cultivation with a gammaproteobacterial MOB. Conversely, 
clear (though limited) adaptation was observed with an alphaproteobacterial MOB. 
Regardless of its initial compatibility with the MOB, a third partner nearly always completely 
obliterated the non-MOB partner in the existing MOB:non-MOB interactome. In PART 2b, 
we showed a clear partner selection where some of the persisting partners were 
“promiscuous” and could persist regardless of MOB type , whereas others were more 
specifically associated with either MOB type. Additionally, we observed that alpha- and 
gammaproteobacterial MOB differentially route CH4-derived carbon to the interactome. 
Finally, while repeated co-cultivation did not significantly impact the magnitude of overall 
methane oxidation rates (MOR), it did appear to stabilize the biological variability in MOR as 
compared to acenically grown MOB.  
In PART 3, the optimized cryopreservation protocol for storage of mixed microbial cultures 
adequately preserved both community structure and functionality of a methanotrophic 
interactome (among others) for 3 months at -80°C. 
These findings may be of significance for methanotrophic interactome Microbial Resource 
Management, if biotechnological application of non-MOB partners is the ultimate goal. 
Overall, unsupervised synthetic interactome assembly approaches should be preferred, as they 
specifically restrict only non-MOB partners that can persist with the MOB from other non-
MOB partners. If specific biotechnological applications can be found for such an optimal 
combination of interactome partners, it is of great interest to preserve a reproducible sample 
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of it for extended periods of time. Exploitation and engineering of these methanotrophic 
interactomes could lead to improved and sustainable mitigation and recovery of CH4 in the 
form of metabolic energy or CH4-derived carbon.  
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SAMENVATTING 
 
 
Methaan (CH4) is een belangrijk broeikasgas, en het leeuwendeel van de methaanemissies (ca. 
60%) is van antropogene oorsprong. Methaanoxiderende bacteriën (MOB) vormen een 
fysiologische bacteriële groep met als unieke eigenschap dat ze CH4 als enige koolstof- en 
energiebron kunnen gebruiken. Er wordt echter hoe langer hoe meer bewijslast gevonden dat 
biologische methaanverwijdering gestimuleerd wordt wanneer MOB interacties aangaan met 
niet-methanotrofe microbiële partners (non-MOB). Deze interacties kunnen heel specifiek 
zijn, maar het is nog niet volledig duidelijk wat de achterliggende mechanismen voor deze 
specificiteit en de daaruit volgende geslaagde methanotrofe vennootschappen zijn. Over het 
algemeen kunnen we echter besluiten dat in de plaats van alleenstaande (obligate) MOB op 
zich, methanotrofe interactomen vereist zijn voor een efficiënte biologische oxidatie van 
methaan.  
Deze doctoraatsthesis focust op bacteriële interacties tussen MOB en hun non-MOB partners 
en probeert we na te gaan wat de bepalende factoren zijn voor de selectie van non-MOB 
partners in het methanotroof interactoom. Verder werd de nadruk gelegd bij methanotrofe 
vertegenwoordigers van de Alfa- en Gammaproteobacteria. Deze grote groepen van MOB 
hebben verschillende functionele kenmerken die conceptueel gezien kunnen worden als 
verschillende levensstrategieën. Het is tot dusver onbekend hoe deze verschillende 
levensstrategieën interacties tussen MOB en hun non-MOB partners beïnvloeden. Om een 
beter inzicht te krijgen in de essentiële ecosysteemfunctie die biologische methaanoxideerders 
verwezenlijken was het nodig om meer inzicht te verwerven over welke MOB en non-MOB 
samen voorkomen en hoe deze onderling van elkaar afhankelijk zijn.  
In het eerste deel (top-down benadering) werd een bestaande methanotrofe aanrijkingscultuur 
(en dus een optimaal methanotroof interactoom) uiteengepuzzeld door 454-pyrosequencing 
van 16S rRNA-genen te combineren met stabiele isotoop probing met een hoge tijdsresolutie. 
Op die manier werden net die partners in kaart gebracht die het sterkst verwikkeld waren met 
groei op koolstof afkomstig van 
13
CH4. Vervolgens, in deel 2 (bottom-up benadering) werden 
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kunstmatig optimale methanotrofe interactomen samengesteld door non-MOB stammen te 
koppelen aan MOB (co-cultivering). Eerst probeerden werd een gecoördineerde benadering 
gebruikt waarbij initiële compatibiliteit tussen MOB en non-MOB op basis van qPCR 
gebruikt werd om koppels tussen MOB en non-MOB te maken. Mogelijke microbiële 
adaptatie en abundantie van alle partners in het interactoom werden opgevolgd met qPCR. In 
een tweede, ongecoördineerde, benadering kon de MOB zelf een selectie maken tussen 
verschillende non-MOB partners. Deze interacties werden opgevolgd door middel van 
DGGE. In deel 3 (cryopreservatie) werd een cryopreservatieprotocol op basis van DMSO (en 
DMSO+TT) als cryoprotectans ontwikkeld. Dit protocol kan gebruikt worden om optimale 
interactomen te preserveren (zowel qua functionaliteit als qua samenstelling) om 
biotechnologische toepassingen mogelijk te maken.  
In deel 1 werd vastgesteld dat 
13
CH4 differentieel verdeeld wordt over de  partners van het 
interactoom doorheen de tijd. We suggereerden dat de non-MOB partners die het sterkst 
verweven waren in het interactoom de eersten gingen zijn om 
13
CH4-C in hun DNA in te 
bouwen, en bijgevolg werden deze partners beschouwd als “primaire consumenten” in 
tegenstelling tot partners die slechts later gelabeld werden doorheen het SIP experiment en 
daardoor in losser verband staan met de MOB en als “secundaire consumenten” van 
organische koolstof afkomstig van de MOB en primaire consumenten beschouwd kunnen 
worden. In deel 2a vonden we geen adaptatie-effect van een matig competitieve partner aan 
de MOB (of vice versa) met een gammaproteobacteriële MOB, maar een duidelijke (doch 
beperkte) aanpassing kon worden waargenomen met een alfaproteobacteriële MOB. Een 
derde partner slaagde er nagenoeg steeds in om de non-MOB partner te verdringen uit een 
reeds gevestigde MOB:non-MOB interactie, ongeacht de initiële compatibiliteit van deze 
partner met de MOB. In deel 2b toonden we een duidelijke partnerselectie aan waar sommige 
persistente partners “promiscue” waren en konden persisteren ongeacht het type MOB waar 
ze mee samen groeiden terwijl andere persisterende partners meer specifiek gekoppeld waren 
met specifieke types MOB. Aanvullend demonstreerden we dat alfa- en gamma-
proteobacteriële MOB CH4-C op een verschillende manier verdeelden naar het methanotrofe 
interactoom. Uiteindelijk toonden we aan dat er geen significante invloed van co-cultivatie 
met non-MOB kon gevonden worden voor de grootte van de methaanoxidatiesnelheid, 
hoewel co-cultivatie erin slaagde om de biologische variabiliteit in de MOR te stabiliseren in 
vergelijking met axenische MOB. In deel 3 konden we dankzij het geoptimaliseerde 
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cryopreservatieprotocol voor gemengde microbiële culturen op een adequate manier zowel de 
gemeenschapsstructuur als functionaliteit van methanotrofe (en andere) interactomen 
preserveren voor 3 maanden bij -80°C.  
Deze bevindingen kunnen van belang zijn voor microbieel resource management van 
methanotrofe interactomen, zeker als biotechnologische toepassingen van non-MOB partners 
het einddoel vormen. In het algemeen waren ongecoördineerde methodes voor de 
samenstelling van synthetische microbiële interactomen beter dan gecoördineerde omdat ze 
specifiek enkel non-MOB partners selecteren die kunnen samenleven met de MOB. Als 
specifieke biotechnologische toepassingen gevonden kunnen worden voor deze optimale 
methanotrofe interactomen, dan is het van belang om een reproduceerbare stockcultuur te 
kunnen bewaren voor langere tijdsduur. Het exploiteren en regelen van methanotrofe 
interactomen zou kunnen leiden tot een verbeterede en duurzame inperking en terugwinning 
van methaan, zowel onder de vorm van metabolische energie als methaan-koolstof in 
duurzame, biologisch geproduceerde eindproducten.  
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Scientific research is challenging, and more than often you don’t find what you were 
looking for. But maybe, just maybe, that’s when you discover something interesting. 
 
Ik herinner me het nog levendig. Als kersverse 2
e
 master Bio-ingenieurswetenschappen, cel- 
en-gen biotechnologie was ik de enige op mijn ganse jaar die voor een “milietechnologische” 
thesis koos. CMET (toen nog LabMET) had mijn interesse veroverd met een thesisonderwerp 
rond microbial fuel cells (MFCs, in het pre-prof. Rabaey tijdperk… voor BES binnen CMET 
“hip” waren). Mijn jaargenoten kozen bijna uitsluitend onderwerpen binnen rode- en groene 
biotech maar ik was door de bacteriële wereld gebeten. Het concept van bacteriën die –al dan 
niet rechtstreeks – een vaste stof (een electrode) als elektron- donor of acceptor zouden 
kunnen gebruiken daar ging ik mij eens op toeleggen. En ik zou een bijdrage kunnen leveren 
(op 1 jaar tijd) aan het wetenschappelijk onderzoek in dit onderwerp. Dat ene jaar heb ik 
waarschijnlijk elk lab en elk apparaat dat CMET toen rijk was gezien. Onder begeleiding van 
eerst Jan Schouppe, toen niemand en uiteindelijk Jan Arends die zich over mij ontfermde 
(terwijl hij zelf al 4 mensen moest begeleiden) heb ik duizend-en-één dingen geprobeerd. Ik 
had de passie voor research te pakken. Dit wou ik blijven doen. Op het eind van de rit had ik 
veel geleerd, maar ik had niet het gevoel dat ik een echte bijdrage had kunnen leveren aan het 
veld. 
 
Én toch. Toch nam prof. Boon me mee om een pint gaan drinken na mijn verdediging in de 
Koepuur om over mijn toekomst te praten. Hij vertelde me over dit interessante GOA project 
over “duurzame methanotrofen”. Ik vond dit fantastisch, en vertelde dat ik hier zeker in mee 
wou gaan. Toen hij me vroeg wanneer ik kon beginnen, zei ik meteen “augustus”, maar 
misschien had ik mezelf toen beter een beetje vakantie gegund. Want sinds die augustus in 
2011, nu bijna 5 jaar geleden, heb ik geen moment stilgezeten (of deftig geslapen). 
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Nico, bedankt om mij de kans te geven te doctoreren bij CMET op dit ongelooflijk boeiende 
en relevante onderwerp. Toen het FWO aanvraag op niets uitdraaide en mijn masterproef 
geen publicatie opleverde dacht ik dat mijn kansen verkeken waren. Maar U hebt in mij 
geloofd en me de kans gegeven om mijn passie voor onderzoek te ontplooien. 
Binnen dat GOA project had ik ook het genoegen mijn co-promotor, Dr. Kim Heylen te 
mogen ontmoeten. Kim, U bent een inspiratie- en motivatiebron zonder einde! Uw kijk op 
onderzoek en wetenschap zijn voor mij echt voorbeelden van hoe het nu eigenlijk moet. U 
zegt waar het op staat, en leerde me pragmatisch te zijn en niet op te geven want de weg naar 
het doctoraat is lang en hard. Ook aan u: duizend maal merci! 
 
To my national and international jury members and the chairman of my doctoral exam 
committee: thank you for taking your time to read and correct my manuscript. Your input 
contributed greatly to increasing the scientific level of this doctoral thesis. I enjoyed the 
feedback and discussions with all of you, which I believe are essential in the scientific process 
and enabled me to bring forward this work. 
 
Naast Kim mocht ik ook prof De Vos, Sven en Bram van het LM-UGent ontmoeten binnen 
het GOA project. Jullie manier van werken heeft me veel geleerd dat in CMET niet altijd 
gekend was. Dankjewel voor jullie steun, input en de vele malen dat ik pure MOB culturen bij 
jullie mocht komen ophalen. David, ook aan jou een enorme merci om mij in te wijden in de 
wondere wereld van de MOB (ik heb je originele mengcultuur nog altijd op de shaker). 
Adrian, also many thanks to you. I really enjoyed our collaborations when you were still in 
the office, but now it is just as if you’ve never left when we meet each other on conferences 
and online. Giovanni, thank you too for the methanotrophic and non-methanotrophic fun we 
had together. Specifiek wil ik graag nog even jou toch bedanken Bram. We gingen samen 
naar de Gordon C1 en we waren er voor elkaars laatste loodjes. Samen waren we de laatste 
methanotrofe cowboys binnen de UGent. Bedankt voor jouw gelijkgezindheid en input! 
 
Working at CMET could be hell. There’s a lot of people, a lot of pressure and not always 
enough equipment for all of us. And while I enjoyed the peace and quiet (and not having to 
queue for any equipment) when working nights, working at CMET (during day) is made a 
true delight by all of the CMET colleagues. We’ve really got a good thing going guys. All of 
us. Though I would like to thank some of you in specific, I am grateful to all of you. 
Nevertheless, first I would like to thank my office, Office 74: Adrian, Baharak, Chris, Emma, 
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Giovanni, Lai, Nicole, Racha, Ralph and Yusuf… since CMET became my second home you 
guys were my second family. We’ve created many good memories in the office. Thank you 
for that. Also outside “the best office in the world” I’d like to send my gratitude to: Amanda, 
Annelies, Antonin, Benjamin, Cristina², Curro, Dries, Eleni, Emilie, Emmeh, Eva, Flo, 
Francis, Greet, Hugo, Jan, Jana, Jessica, Jianyun, Jo², Joachim, Joeri, Karen, [KT]immeh, 
Mar-Mar, Mike, Nikki, Ramiro, Renée, Robin, Ruben, Sarah, Siska, Sofie, Sue, Thijs & Tom: 
one way or another you made CMET a better place for me. To the people I forgot in the list 
above: no worries, it’s not intended to be exhaustive but I am currently exhausted, which may 
affect my memories. 
 
Dear CMET collaborators, I know I was the annoying guy always asking questions about 
methodology and statistics during the seminar, though I want to thank many of you (and 
specifically Chris) for your confidence in my biostatistics and bioinformatics work and 
allowing me to co-author on the resulting publications. It allowed me to keep an open look 
and keep on investigating many domains of science from the human microbiome to high-
pressure oil spill degraders. Lois, thanks for introducing me to mothur and Kim, thanks for all 
the joint work on the Illumina amplicon SOP. I loved trying to make more commits than you 
on github, it was always a nice race. Also outside of CMET I’ve had the pleasure to 
collaborate with some truly remarkable scientists. Michael, Ευχαριστώ για την συνεργασία 
σου!  I know you’ve had a bumpy ride as well and I hope better days are coming your way, 
I’ll contribute wherever I can and look forward to our future collaborations. Robert & 
Liesbeth, thanks for introducing me to the world of metaproteomics and IBD resprectively. 
Michiel, it was also a pleasure working with you! First during the Machine Learning course 
and afterwards on the experiment where you and Sven combined MOB and non-MOB.  
 
Christine & Regine: ook voor jullie specifiek een dankjewel voor die vele jaren dat ik voor 
allerhande dingen bij jullie terecht kon. Vaak maakte ik me zorgen over iets en hadden jullie 
dat al in kannen en kruiken. Zeker nu met de laatste perikelen was jullie hulp van onschatbare 
waarde. 
 
Tim, voor U voorzie ik hier aparte paragraaf. Dit doctoraat is een stuk van jou. Wegens 
plaatsgebrek kan ik geen hoofdstuk aan je wijden maar had dat met veel plezier gedaan. Bij 
deze dan maar een korte “Ode aan Tim”:  
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Tim, O king of the molecular lab!  
It was an honour to be a jester at your court. 
Your West-Flemish instructions made me feel right at home. 
Tim, O molecular wizard! 
Your magic always made my experiments come through. 
Tim, O stairs-levitating funnyman! 
Your cynical humor knows no bounds. 
Tim, O scientific rambler! 
Our long discussions (in whatever degree of sobriety) always lead to scientific insights. 
Tim, O friend. Thanks for brightening my days! 
 
I would also like to thank the students I’ve guided through the years. Teaching and tutoring is 
a great way to increase insights yourself. Gertjan, Leen, Yahui, Colins but specifically 
Charlotte. Charlotte, jij bent echt de beste student die een tutor zich kan wensen. Onze 
samenwerking in het laatste jaar van mijn doctoraat heeft nu geleid tot een publicatie en zelfs 
onze niet-gepubliceerde resultaten zijn enorm waardevol. Ondanks mijn vele waarschuwingen 
ben je toch een doctoraat begonnen aan CMET, zij het op luchtweginfecties in plaats van 
MOB. Het hoogverraad is je vergeven, want zonder jou was deze doctoraatsthesis ook niet 
wat ze nu is. Ook de studenten die ik indirect begeleid heb zoals Emmy, Eva, Tess-
Mahalanobis & Mu-mu waren een welkome toevoegingen aan mijn werklast. 
 
In het (beperkte) leven dat ik buiten het lab had vond ik steun en toeverlaat bij vrienden en 
familie. Sophie, jij was erbij toen ik Bio-Ir begon te studeren en je hebt alle moeilijke 
momenten meegemaakt. We vonden steun bij elkaar om door vele zure appels heen te bijten. 
Jouw avonturen op het Iberisch schiereiland en verhalen over wat voor een kosmische 
anomalie je bent konden me altijd even de drukte en zorgen van mijn werk doen vergeten. 
Jouw moed om te blijven doorgaan ondanks alles wat je op je bord krijgt is waarlijk 
inspirerend. Bedankt om zo’n goede vriend te zijn. PJ, ik ben blij dat ik je heb leren kennen 
tijdens onze opleiding en nog gelukkiger dat we elkaar daarna zijn blijven steunen. De 
gedeelde lunches (Potatolicious/Paul’s Boutique/Greenway) met onze derde musketier, den 
Tommyboy, waren vaak de highlights in de werkweek. We delen veel van dezelfde passies 
(muziek & bio-informatica) en zijn nerdy genoeg om er ons op toe te leggen, dus er staan ons 
zeker nog vele toffe projecten en concerten te wachten. Ook de andere studiegenoten van de 
Cel & Gen (Laurien, Laura, Eva, Thibaut, Veerle, Jochen, …) wil ik bij deze graag nog even 
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bedanken. Karel: uit het oog misschien, maar nooit uit het hart. Je woont en werkt dan 
misschien wel wat meer uit de buurt maar telkens we elkaar zien is het alsof we nooit van 
mekaar weggeweest zijn. Merci voor je steun en je enthousiasmerende projecten en kijk op de 
wereld. Laimz, Heleen, Maayke & Ruby: laat ons hopen dat we ooit nog eens een goede 
jamsessie met “the fatty acids” kunnen doen, want ik mis jullie allen. Aan buddies uit 
Sijsele/den OLVA (Leander, Maarten, Martijn, Jeroen): het was een genoegen om telkens het 
nieuwe jaar met jullie in te zetten, laat ons die traditie in ere houden! En aan alle vrienden: 
sorry dat ik zoveel feestjes, drinks, BBQs aan mij voorbij heb moeten laten gaan in de naam 
van het doctoraat, maar hier is het dus. Laat ons hopen dat ik nu wat meer tijd kan vinden om 
jullie allen af en toe eens te zien. 
 
En dan is er nog de scouts. In het laatste jaar van mijn doctoraat ben ik moeten stoppen maar 
met veel spijt in het hart. Mijn jaargenootjes (JIN ’88) beschouw ik nog steeds als een stel 
uitstekende vrienden: Kristoff, Jonas, Matthias, Heleen, Elisabeth, Ella, Elien, Hanneke, 
Anne, Michiel, Broes, Nele, Herlynde, An-Sofie, Lize, Anton, … merci voor de vele fijne 
momenten! Ook mijn niet-jaargenoten (jep, I’m talking to you Vanbelle) zijn onmisbare 
vrienden geworden. Als groepsleiding van scouts Don Bosco heb ik enorm veel gehad aan de 
vriendschap en verstandhouding met Jonas, Bruno & Timothy. Merci daarvoor. En toen de 
volgende stap aanbrak en ik tot districtscommisaris van ’t Brugse Vrije verkozen werd, kwam 
ik  aan het roer van een dynamische leidersgroep van zo’n 350 leiding in 12 scoutsgroepen 
maar gelukkig had ik hier de steun van Ebert, Matthias, Niel en Marlies. De support en 
vriendschappen die ontsproten uit de gouwraad (Jozefien, Thibault, Jens, …) zal ik ook niet 
snel vergeten. Ook Yannick van de jeugdraad en Charlotte van de jeugddienst wil ik hier 
graag even bedanken. Eens een scout, altijd een scout. Dus een stevige linker voor jullie allen, 
Plichtsbewuste Oehoe! 
 
Mam, Pap, Piet (Lieze) & Nel (Nick), Asheley, Bef & Polly. Ik kan misschien moeilijk 
uitleggen hoe het voelt maar het was altijd zalig thuiskomen in dat rustige Sijsele. Even een 
wandeling in de tuin, wat frisse lucht. Samen aan tafel. Veel meer moet dat niet zijn. Bedankt 
voor alle steun. Zonder jullie was ik er zeker niet geraakt. Mam & Pap: jullie hebben me de 
kans gegeven om verder te studeren en te worden wat ik wil. Zie dit doctoraat dan ook als 
mijn manier om jullie vertrouwen in me te waarderen. Ook veel dank aan de rest van de 
Kerckhof- en Casier clans (oma’s in het bijzonder), dankzij jullie steun is het gelukt! 
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Στην οικογένεια μου στην Ελλάδα (Αντώνη, Στέλλα, Βλάσση και Μαρίλια): Θέλω να σας 
ευχαριστήσω που με καλωσορίσατε στην οικογένεια σας, που με κάνατε να νιώσω "σαν το 
σπίτι μου" και πιστέψατε σε εμένα. Αυτό το διδακτορικό είναι αφιερωμένο και σε εσάς, 
καθώς και στην πανέμορφη κόρη/αδελφή σας, η οποία μου προσέφερε αδιάκοπα την 
υποστήριξη της και με βοήθησε να πραγματοποιήσω τα όνειρα μου. 
 
And last but, definitely, not least: Varvara,  αγάπη μου! I first saw you in the hallways of 
CMET while I was still performing my Msc. Thesis. I thought I never stood a chance. After 
my failed attempt to charm you at Liesje’s Phd defense it took me a year to get you. Talking 
about a slow play ;-). But it was worth the wait. You’ve made my life better in every possible 
way. You are the greatest, sweetest, … girlfriend a man could ever wish for. Your Greek fire 
became my desire. I love that we are both scientists. We understand each other on so many 
levels. The daily pressure, the long hours, how you came to help me out in the lab in the 
middle of the night or how I wrote the code for the statistics for your analyses. It’s these 
things that brought us even closer together. It’s seems like only yesterday I’ve moved in with 
you, but now we’re already living together for more than three years… I haven’t regretted it 
for a second. Living together with you is amazing. Your humor always makes me feel better 
when I’m stressed. Your sweetness always makes me feel loved, every day. Thank you for 
being so patient with me. Certainly the last few months have been a challenge. Finalizing a 
PhD brings along a great deal of stress and you’ve supported me all the way through. Now 
that I am allowed to defend my thesis I will do everything within my power to return your 
kindness and support to finalize your dissertation as well. 
Apart from all the history above, it’s you I am going to build my future with! Just last January  
we found out our greatest wish is coming true: our little family will get a new member in 
September. The three of us are going to have a great time! I am looking forward to wherever 
life may take us, because I know we will by each other’s side. 
 
Gent, June 4
th
, 2016 
Frederiek-Maarten Kerckhof 
